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        The adsorption and reactions of acetaldehyde, acetone, 2,2-dimethoxypropane 
(DMP), 1,1-dimethoxyethane (DME), acetylacetone (acacH), hexafluoroacetylacetone 
(hfacH) and trifluoroacetylacetone (tfacH) on clean and O-precovered Ni(111) have 
been investigated by Reflection Absorption Infrared Spectroscopy (RAIRS). 
         On O-precovered Ni(111), acetaldehyde adsorbs in the η1(O)-configuration at 
120K while the η2(C,O)-state which is present on clean Ni(111) is completely 
suppressed. Surface O also initiates polymerisation of acetaldehyde at 180K. On 
heating, polyacetaldehyde breaks down into free acetaldehyde and surface-bound 
ethane-1,1-dioxy, which dehydrogenates by 300K to yield a bidentate acetate species. 
        On Ni(111)-p(2×2)-O, monolayer acetone adsorbs on the surface exclusively in 
the η1(O)-configuration and possesses a Cs symmetry at temperatures below 260K. On 
Ni(111)-0.10ML-O, η1(O)-acetone is also formed at temperatures below 260K, while 
an η1(O,O)-propane-2,2-diyldioxy species is formed at 180K and coexists with the 
η1(O)-acetone species. Higher exposures of acetone at 120K on both preoxidized 
surfaces result in the formation of acetone multilayer, which shows some orientational 
preference in the packing structure. At 340K acetone enolate and acetate are produced.  
        AcacH adsorbs molecularly on the clean Ni(111) surface at 120K. Decomposition 
on this surface begins to occur at below 240K through β-scission of C-CH bond and 
produces surface bound acetone enolate. It further decomposes at higher temperatures 
(310K) and produces surface-bound CO. On O-precovered Ni(111), acacH 
deprotonates at 120K and the monolayer acac ligand adsorbs with its molecular plane 
perpendicular to the surface. This species is stable on Ni(111)-p(2×2)-O up to 280K 
but decomposes at 260K on Ni(111)-0.1ML-O. Similar decomposition products 
(acetone enolate and CO) as on the clean surface are produced upon further increasing  VII
the temperature of the substrate, with the additional production of surface-bound 
acetate that is stable up to 380K. 
        HfacH deprotonates and binds to clean Ni(111) with its OCCCO plane parallel to 
the surface at 120K, while on O precovered Ni(111), the deprotonated hfac binds 
essentially in a standing-up configuration. TfacH adsorbs molecularly on clean 
Ni(111) but deprotonates on O-precovered Ni(111) at this temperature. The tfac 
species, however, adsorbs in both the “standing-up” and “lying-down” configuration. 
Physisorbed multilayers of hfacH and tfacH can be formed at this temperature in all 
cases and desorb between 170-180K. 
        Decomposition of hfacH and tfacH on clean Ni(111) begins at 240K, and 
significant dissociation occurs at 300 and 280K, respectively. On Ni(111)-p(2×2)-O, 
they remain intact up to 340K and 310K respectively. The final decomposition product 
left on both clean and O precovered Ni(111) is CF2 species which desorbs or 
decomposes finally at above 600K. 
        Adsorption of DMP and DME on both clean and O-precovered Ni(111) at 120K 
is mainly associative. On O-precovered Ni(111), DMP decomposes between 200-240K 
to yield methoxy, η1(O)-acetone and a hemiketal fragment. At higher temperatures, 
η1(O)-acetone desorbs, surface methoxy decomposes to CO while the hemiketal 
fragment decomposes to a methoxycarbyne species. DME decomposes between 200-
240K to yield methoxy, η1(O)-acetaldehyde and a hemiacetal fragment. Above 240K, 
η1(O)-acetaldehyde is oxidized to acetate while the surface-bound methoxy and 
hemiacetal fragments decompose to CO and methoxycarbyne respectively. Similar 
reaction products are observed on clean Ni(111), except that η1(O)-acetone and η1(O)-
acetaldehyde are not formed.  VIII
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Chapter 1 Introduction 
 
        Organic carbonyl compounds such as aldehydes, ketones, and carboxylic acids 
have been the subjects of numerous surface reactivity studies over the ~30-year history 
of ultrahigh vacuum (UHV) surface science.1 These studies afford the opportunity to 
identify reaction intermediates and to examine reaction mechanisms at the molecular 
level, and in turn have contributed greatly to the development of new catalyst-based 
processes and semiconductor processing, both of which are known to involve reactions 
on surfaces.2-4 
 
1.1 Surface Chemistry and Heterogeneous Catalysis 
        Since the initial discovery of the catalytic properties of Pt for H2 oxidation about 
150 years ago, a vast number of catalytic processes have been developed and served as 
the backbone of modern chemical industry.5 Nowadays more than 80% of industrial 
chemical processes rely on one or more catalytic reactions.6 Some of the historical 
developments include the contact process for oxidizing sulphur dioxide to sulphur 
trioxide (1880s),7 the Haber process for the production of ammonia from gas-phase 
nitrogen (1909),8 the Ostwald process for the oxidation of ammonia to nitric oxide 
(1900s),9 the Fischer-Tropsch process for the production of synthetic fuels (1923),10 
and the Houdry process for petroleum refining (1936).11 However, most of the major 
advances in catalysis have been serendipitous, or, at best, a consequence of multiple 
empirical trials. The molecular details that define and control the mechanisms of most 
of these processes still remain a mystery. It was not until the early 1970s when 
ultrahigh vacuum technology and surface-sensitive techniques were developed that it 
became possible to investigate catalysis at the atomic level.12-16 Fundamental surface 
science studies have since played an extremely important role in the discovery, 
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development, and diagnosis of many valuable commercial and developmental catalyst 
systems.17  
          Weakly adsorbed or transient species with short lifetimes are often involved in 
catalytic processes. One noticeable contribution of surface science to catalysis has 
been the isolation and characterization of these surface intermediates which serve as 
the basis for identifying elementary steps. Over the past 2-3 decades, surface chemists 
have developed a few experimental methods to isolate catalytically relevant reaction 
intermediates and to study the elementary surface reaction steps. A particularly fruitful 
approach has been to generate proposed reaction intermediates on surfaces at 
cryogenic temperatures.3 By generating these normally reactive species at low 
temperatures, subsequent thermal reactions can be prevented. In many instances, the 
surface intermediates can be produced via thermal activation of other adsorbates, or be 
produced by association of reactants on the surface.3 
        Vibrational spectroscopy, and Reflection Absorption Infrared Spectroscopy 
(RAIRS) in particular has now established itself as a powerful technique for 
identifying a wide variety of intermediates in surface reactions. A large number of 
detailed studies of the adsorption, desorption, and reaction of organic carbonyl 
molecules on single crystal surfaces have been reported in the literature.1,3,18,19 
However, the chemistry of these molecules on transition metal surfaces is still a 
growing field; there remains much to be learned about the variations of reaction 
mechanisms with surface structure and composition. Many, but by no means all 
observations to date can be explained in terms of a limited set of surface intermediates 
and common reaction pathways. The nature of most current catalytic processes still 
remain a mystery and a vast amount of empirical knowledge is still waiting for 
systematic investigation, and the need for environmental remediation and the growing 
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demand for new products continue to require new innovative catalytic processes.20 
Continued work on the study of small organic molecules, on the generation of high 
purity monolayers of new surface fragments and identifying the elementary steps is 
thus still required. The more we understand the microscopic details of surface 
reactions the less guesswork will be required for the design of new processes. 
 
1.2 Surface Chemistry and Chemical Vapor Deposition 
        Chemical processing pervades the fabrication of microelectronic and optical 
devices and one of the most sophisticated processes is chemical vapor deposition 
(CVD), in which gas molecules are decomposed to produce a solid film of specified 
properties.21 A wide variety of thin films utilized in Ultra Large Scale Integrated 
Circuit (ULSI) fabrication such as SiO2, W, and TiN are now formed by CVD.22  
        One of the most important interconnection materials used in integrated circuit 
chips is Cu. Cu wiring has the advantages of significantly lower resistance, higher 
allowed current density, and increased scalability, relative to comparable Ti/Al(Cu) 
wiring.23 As the performances of integrated circuits continue to increase, the 
requirements on the conductivity and the electromigration resistance of the 
interconnection materials are becoming more stringent. The major chip manufacturers 
have started to replace Al with Cu in the interconnection schemes. 
        High quality Cu thin films can be prepared by various methods such as sputtering, 
ionized cluster beam deposition, CVD, physical vapor deposition (PVD), and 
electroplating.22,24 At present, manufacturers are mainly using the PVD or 
electroplating process for Cu thin film deposition, followed by chemical-mechanical 
polishing (CMP).22 CVD has a number of key advantages in depositing metal films 
compared to other thin film deposition techniques, including conformal coverage, 
selective deposition, and low deposition temperatures. However, CVD of Cu has not 
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been widely adopted by the microelectronics industry at present, mainly because of the 
complexity and cost of the process relative to the alternative PVD and electroplating 
processes. As feature sizes approach 0.1 microns and beyond, the conductance of Cu 
films will get worse and may no longer meet the increasing standards as a consequence 
of PVD’s limited uniformity and conformality. CVD of Cu is thus a promising 
alternative to some of the existing processes. In fact, it is predicted that CVD is the 
only conformal Cu film growth method, which is critical for the integrated circuits 
with interconnect dimensions below 0.18 µm.25 
          Since 1989, there has been a vast amount of studies of the CVD of Cu.26-38 Two 
of the most useful families of Cu CVD precursors that have been identified are the 
Cu(II) beta-diketonates and Lewis base adducts of Cu(I) beta-diketonates.21,25 The 
Cu(II) precursors generally require the use of an external reducing agent such as H2 to 
deposit pure copper films. 
Cu(II)L2 (g) + H2 (g) → Cu(s) + 2HL (g) 
The Cu(I) precursors can deposit pure Cu films without the use of an external reducing 
agent via a bimolecular disproportionation reaction that produces Cu(II) beta-
diketonates as a volatile byproduct.  
 
CuLL’ (g) → Cu (s) + CuL2 (g) + 2L’ (g) 
The beta-diketonate ligand most often present in these precursors is 
hexafluoroacetylacetonate (hfac).  
        There have been a number of UHV studies of the surface chemistry of these Cu 
precursors and of the associated ligands as well, using a variety of surface science 
approaches including High Resolution Electron Energy Loss Spectroscopy (HREELS), 
Temperature Programmed Desorption Spectroscopy (TPD), X-ray Photoelectron 
Spectroscopy (XPS), Auger Electron Spectroscopy (AES), and RAIRS, on various 
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substrates.39-45 The reactions under UHV conditions may not always follow the same 
pathway as in actual CVD processes. However, these fundamental studies can serve to 
isolate surface intermediates that may be involved in the overall deposition 
mechanism, thus adding to our knowledge of how the overall process takes place. In 
addition, experiments performed on different substrates can be helpful in 
understanding of the differences in reactivity that these precursors exhibit on different 
surfaces. In situ analysis of the deposited films coupled with studies of ligand 
decomposition can demonstrate plausible mechanisms by which such ligand 
decomposition leads to impurity incorporation into the growing films and thus suggest 
means of minimizing such reactions. 
 
1.3 Surface Chemistry and Chemical Vapor Etching 
         Chemical vapor etching is the reverse process of CVD. In line with the ever-
diminishing size of the devices of integrated circuits, the number of processing steps of 
Si-based devices has also greatly increased. Each processing step is likely to leave 
residues or contaminants from the previous step that results in the contamination of Si-
wafer surfaces. The residues and contaminants can be generally classified as organics, 
particles and metallic impurities. Among them, metallic contamination is the major 
type of contaminants to be overcome. It can cause fatal effects in semiconductor 
devices, such as increase current leakage at the p-n junction, decrease the oxide 
breakdown voltage, and accelerate the deterioration of carrier lifetime. It has been 
reported that the metallic contamination on the Si surface needs to be suppressed to 
less than 1 × 1010 atoms/cm2 in order to prevent the above defects.46 
        The bulk of existing methods for cleaning these impurities are wet processes 
based on the RCA cleaning method.46,47 However, as the devices become smaller, 
problems related with the wet chemical cleaning become more serious, such as the 
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probability of recontamination from the chemicals and poor cleaning ability for deep 
sub-micron geometries of contact holes, via holes and trenches, etc. The current trends 
of Si-based device manufacturing procedures are to use low temperature processes48 
and low chemical usage to reduce the thermal budget and environmental 
contamination. A new method satisfying these current needs is dry cleaning that 
utilizes etching reagents to produce easily desorbed metal-containing surface reaction 
products.21,49 
        One of the most useful families of dry etching reagents are β-diketones. β-
diketones such as acetylacetone (acacH) and hexafluoroacetylacetone (hfacH) are well 
known for their coordination capability and can form volatile and stable products with 
many main group and transition metals. In recent years, surface science techniques 
such as RAIRS, TPD and XPS have been used to investigate the etching processes 
using these reagents.50-58 As in the study of CVD processes, these studies have been 
shown to be successful in establishing the feasibility of the etching processes, and in 
some cases the surface reaction mechanisms. 
 
1.4 Surface Chemistry Studies on Ni(111) 
         Ni is a typical Group VIII transition metal and has found applications as a 
catalyst for a large number of important reactions. For example, it is used in the 
industrial hydrogenation of liquid or gaseous organic compounds,59 and in the Fischer-
Tropsch synthesis for the production of hydrocarbon fuels and oxygenated 
chemicals.60 The application of this transition metal also extends to its use as a 
supported catalyst in methanation which has a critical role in the production of 
synthetic natural gas from hydrogen-deficient materials.61 Finally, in the commercially 
6 
valuable steam reforming of hydrocarbons, metallic Ni is known to be the most active 
catalytic species among all the commercial catalysts used for this purpose.62 
        Ni is also one of the most widely used alloying materials for stainless steel. ULSI 
manufacturers use stainless steel reactors in the fabrication of thin film features on Si. 
Unfortunately, reactor walls may become contaminated with deposition and etching 
precursors and form volatile Ni or other metal-coordinated species. The result is 
contamination of Si surfaces during processing, and among those contaminants, Ni is 
particularly difficult to remove.63 One purpose of this work is to use RAIRS to study 
the surface reactions of the most frequently used dry etching reagents, hfacH and two 
of its derivatives, trifluoroacetylacetone (tfacH) and acetylacetone (acacH) on Ni(111). 
Identification of their adsorption, desorption and decomposition mechanism on the 
surface will provide insights on better controlling the etching process so as to avoid 
new contaminant incorporation. 
           
1.5 Surface Chemistry of Oxygenates and the Effects of Surface Atomic Oxygen 
        The reactions of O-containing species at metal surfaces are relevant to a wide 
variety of catalytic processes. Among the most extensively studied oxygenates on 
transition metal surfaces are alcohols, aldehydes, ketones, and carboxylic acids, which 
have been traditionally used as probe reagents in catalysis. These simple, O-containing 
organic molecules generally form bonds to transition metal centers (including surfaces) 
via the O-containing functional group, and the mechanism of the interaction depends 
largely on whether the C-O bond is saturated or unsaturated. In molecules which 
contain saturated C-O bonds, such as ethers and alcohols, a weak bond to the surface is 
formed by electron donation from an O lone pair to the metal.64,65 Molecules which 
contain unsaturated C=O bonds, e.g., ketones and aldehydes, exhibit two major types 
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of metal bonding configurations, η1(O) or η2(C,O). In the η1(O) configuration, the 
carbonyl compound is datively bound to the surface through the O lone pair electrons. 
The second configuration involves the interaction of the carbonyl π* orbital with back-
donation from the metal, plus π or σ-electron donation from the carbonyl group.66,67 
        The specific bonding configuration of carbonyl compounds on transition metal 
surfaces is directly correlated to their thermal stability on the corresponding metal 
surfaces. As might be expected, η2(C,O) bonded carbonyl compounds are more stable 
than those bonded to surfaces through the η1(O) configuration, and as a result the latter 
generally desorbs at lower temperatures. While adsorption of carbonyl compounds on 
Group IB metal surfaces occurs exclusively in the η1(O) mode68-71, on Group VIII 
metal surfaces, both adsorption geometries have been observed but with the preferred 
adsorption geometry being the η2(C,O) configuration.66,67,72-79 However, on O-
precovered surfaces of the same metals, carbonyl compounds preferentially adsorb in 
the η1(O) configuration.66,67,72-79 
        The coadsorption of atomic O on metal surfaces plays a myriad of roles in 
influencing the course of organic reactions. On the relatively less reactive Group IB 
metals, introduction of O opens new reaction pathways, and its principal contribution 
is in direct reaction with adsorbed organics by either Brønsted or Lewis acid-base 
reactions.80-84 On the opposite side of the Periodic Table, O is too strongly bound to be 
reactive, and tends to deactivate surfaces of rather reactive metals.85 Among the Group 
VIII metals both roles have been observed. These roles include alteration of the 
preferred adsorption states of carbonyl compounds from side-on, η2(C,O), to end on, 
η1(O);74,76,86,87 stabilization of surface alkoxide and acetate intermediates;72,74,75,88 
inducement of polymerization of aldehydes; 74,77, 89 and oxidation of aldehydes to form 
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adsorbed carboxylates.69,72,74,80,90 Recent studies have also revealed that coadsorbed O 
is essential for the clean etching of Cu and Ni using β-diketones, whereas in its 
absence, decomposition of these etchants is prevalent.50-55 
        Although the possibility that O prevents adsorption in the η2(C,O) configuration 
by simple site-blockage cannot be entirely excluded, direct analogies from studies of 
the effect of preadsorbed O on olefin adsorption,91 as well as theoretical results for 
interaction of unsaturated functional groups with metal clusters and surfaces,92 suggest 
that adsorption configuration is influenced much more strongly by surface electronic 
properties rather than by the geometry of surface sites. These selectivity changes are 
not the result of direct O participation in a chemical reaction, but are due to the 
influence of O via through-surface interactions on the relative kinetics of oxygenate 
desorption and decomposition.  
 
1.6 Objectives of the Present Work 
        The objectives of the present work are to investigate the adsorption and reactions 
of several groups of carbonyl compounds and their derivatives, including aldehydes, 
ketones, carboxylic acids, β-diketones, ketals and acetals, on clean and O-modified 
Ni(111) surfaces, using primarily RAIRS.   
        Although the surface chemistry of simple carbonyl compounds such as 
acetaldehyde and acetone has been extensively studied on metal surfaces, no UHV 
studies of them on Ni(111) have been reported and their adsorption behaviors and 
reactions on this surface have yet to be established. The identification and 
characterization of their reaction intermediates will serve as a basis for interpreting our 
data in the following studies of more complex β-diketone molecules like acacH, hfacH 
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and tfacH. The surface induced deprotection of 2,2-dimethoxy-propane and 1,1-
dimethoxyethane, hitherto not carried out under heterogeneous conditions, has also 
been successfully accomplished on O-precovered Ni(111), to generate the 
corresponding carbonyl compounds, i.e. acetone and acetaldehyde, respectively.  
        The understanding of the surface reaction mechanisms of these molecules is of 
fundamental value and carries potential applications in the areas of heterogeneous 
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Chapter 2 Experimental 
 
 
2.1 Principles of Surface Analysis Techniques 
 
2.1.1 Ultrahigh Vacuum (UHV) and Its Necessity 
        Modern surface science is the study of surfaces and surface phenomena at the 
atomic or molecular level, and the substrates most often used are well-defined single 
crystal surfaces. There are two principal factors necessitating a high vacuum 
environment for modern surface science studies: Firstly, in order to begin experiments 
with a reproducibly clean surface, and to ensure that no significant contamination by 
background gases occurs during an experiment, the background pressure must be such 
that the time required for contaminant build-up is substantially greater than that 
required to conduct the experiment, which is usually of the order of several hours. The 
implication with regard to the required pressure depends upon the nature of the 
surfaces, but for the reactive Group VIII metal surfaces, residual gas pressures in the 
range of 10-10 Torr must be reached. Secondly, for surface spectroscopy, the mean free 
path of probe and detected particles (ions, atoms, electrons) in the vacuum 
environment must be greater than the dimensions of the apparatus in order that these 
particles may travel to the surface and from the surface to detector without undergoing 
any interaction with residual gas phase molecules. This requires pressures better than 
10-4 Torr. It is the first factor that usually determines the need for very good vacuum in 
order to carry out reliable surface science experiments.1,2  
        A combination of various pumps is necessary to produce UHV. The system needs 
to be rough pumped to ~10-3 Torr first by rotary or sorption pumps, then be evacuated 
with high vacuum pumps such as turbomolecular, diffusion or ion pumps. In the 
absence of leaks, the best vacuum attainable in UHV systems is essentially determined 
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by the pumping speed and the rate of outgassing from the surfaces of the inner walls of 
the chamber and apparatus inside the vacuum system. A bake-out at temperatures 
between 100 ∼ 200 °C for 24 to 48 hours is necessary to facilitate the attaining of 
UHV. 
 
2.1.2 Auger Electron Spectroscopy (AES) 
        Auger Electron Spectroscopy (AES) is one of the most commonly employed 
surface analytical techniques for determining the elemental composition of the top few 
layers of a surface.3,4 First observed by Pierre V. Auger in the 1920s,5 the Auger effect 
is a process where an atom that has been ionized with the emission of a core level 
electron undergoes a transition in which a second electron, the Auger electron, is 
emitted. 
        An Auger process involves three basic steps and is schematically illustrated in 
Figure 2.1. Firstly an incident high energy electron (typically having a primary energy 
in the range 2-10 keV) causes emission of a core electron (Electron 1); the hole created 
in the core level may then be neutralized by a less strongly-bound upper level electron 
(Electron 2). This transition liberates a quantum of energy ∆E (E1-E2) that may either 
be removed from the atom as a photon (X-ray fluorescence) or transferred to a third 
electron, which can escape into the vacuum with a kinetic energy Ekin. It is this third 
electron that is termed the Auger electron. The kinetic energy of the Auger electron is 
given by: Ekin = (E1 –E2) –(E3 + φ) and is characteristic solely of the binding energies 
of electrons within the atom itself. Hence, Auger electrons may be used for elemental 
identification. 
        The Auger electrons are of energies in the range of 50 to 1500 eV. They start with 
narrow energy distributions; however, as their mean free paths are of the same order as 
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the inter atomic distances, they soon lose energy when they pass through matter and 
will fail to emerge with their characteristic energies if they start from deeper than 
about 1 to 5 nm into the surface. Auger electrons that escape from deeper in the sample 
contribute loss tails to the spectral background. The secondary and backscattered 
electrons have broad energy distributions that tail into the Auger region. 
        Since the initial ejection of the core electrons is non-selective and the initial hole 
may therefore be in various shells, there will be many possible Auger transitions for a 
given element. Auger spectroscopy is based upon the measurement of the kinetic 
energies of the emitted electrons. Each element in a sample being studied will give rise 
to a characteristic spectrum of peaks at various kinetic energies. AES has high 
sensitivity (typically ca. 1% monolayer) for all elements except H and He. The area 
under an Auger peak is proportional to the surface (first layer) concentration of a 
specific element. For analysis of surface layers of thickness greater than one atomic 
layer, the attenuation of the AES signal by the atomic layers above must be taken into 
account. This phenomenon has actually found use in the study of the earliest stages of 
crystal growth. In addition, this basic technique has also been adapted for use in depth-
profiling and in Scanning Auger Microscopy (SAM).2 
 
2.1.3 Low Energy Electron Diffraction (LEED) 
        Low Energy Electron Diffraction (LEED) is one of the most powerful methods 
for the determination of surface structure, and has established itself as a standard 
technique for the characterization of surface quality during sample preparation prior to 
other UHV experiments. 
        The basis of this technique is the wave-particle duality shown by Davisson and 
Germer in 1927.6 In the LEED experiment, a low energy monochromatic electronic 
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beam, typically in the range 20 - 200 eV, is incident normally on the sample. This 
beam of electrons may be equally regarded as a succession of electron waves, and the 
wavelength is given by the de Broglie relation:  
λ = h / p ≈  ( 150 / V )1/2 Å  
In the energy range from 20 to 200 eV, the wavelengths from 0.87 to 2.7 Å are 
comparable to the interatomic distances within the surface structure under most 
circumstances and the electrons will be scattered by regions of highly localised 
electron density (i.e. the surface atoms). 
        A typical LEED experimental set-up is shown in Figure 2.2. After undergoing 
diffraction, electrons backscattered from the periodic sample surface travel towards a 
series of concentric meshes or grids (G1-4). The outer grid (G1) nearest to the sample 
is earthed to ensure that the electrons travel in a ‘field free’ region, as is the inner grid 
(G4). The earthing of G4 screens out the high voltages placed on the fluorescent screen 
(collector). The inner pair of grids (G2 and G3) serves as a cut off filter and is held at a 
negative potential (-Ep+∆V), where ∆V is typically in the range 0-10V. This ensures 
that only elastically scattered electrons reach the collector. The collector screen is 
biased at a high positive voltage (~5 keV) to accelerate the transmitted electrons to a 
sufficient kinetic energy to cause light emission from the coated fluorescent glass 
screen. The diffracted electrons give rise to a pattern consisting of bright spots on a 
black background, which reflect the symmetry and crystalline order of the surface. The 
LEED pattern may either be viewed by eye or monitored with a video camera, if 
quantitative intensity measurements are required. Analysis of LEED patterns and 
intensities can yield information on the size and rotational alignment of the adsorbate 
 18
unit cell with respect to the substrate unit cell, as well as the information on the 
complete surface structure, including bond lengths and angles. 
2.1.4 Reflection Absorption Infrared Spectroscopy (RAIRS) 
        Infrared spectroscopy is the chief ‘fingerprinting’ technique for chemists, because 
particular functional groups in molecules exhibit very similar frequencies regardless of 
the structural details of the rest of the molecule, and the presence or absence of a 
particular vibrational band in a spectrum can be used for characterization or 
identification purposes.7 This technique was among the first to be applied to the direct 
characterization of adsorbates. In the early studies, conventional transmission infrared 
spectroscopy was employed. With the development of UHV and modern surface 
science techniques, it soon became evident that the infrared techniques could be used 
for studying single crystal samples that have been characterized by surface probes such 
as LEED and other various electron spectroscopies. Since metal surfaces are opaque to 
infrared radiation, transmission experiments are not viable and these studies have to be 
conducted in the reflection mode, hence the term Reflection Absorption Infrared 
Spectroscopy (RAIRS). Unlike the electron-based spectroscopies, RAIRS does not 
require UHV and is non-destructive. It has since become a highly versatile technique 
for surface analysis. 
 
2.1.4.1 Physical Principles 
       The interaction of infrared radiation with the adsorbed molecules depends 
significantly on the dielectric properties of the substrate, which in turn determines the 
conditions under which the RAIRS experiment should best be carried out. The electric 
field at the surface is the vector sum of the electric field components due to the 
incident, reflected, and refracted waves. The optical properties of the metal lead to 
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most of the incident intensity being reflected, and the refracted wave contribution to 
the surface electric field is negligible.  Upon reflection, the amplitude and the phase of 
the radiation will change. This interaction has been treated theoretically by Greener et 
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 δp − δs = tan-1 
 
where Rs and Rp are the reflected intensities for s-polarized and p-polarized 
components of the incident light, δp and δs are the phase shifts upon reflection, and φ is 
the angle of incidence as depicted in Figure 2.3.  
        As a result, the s-polarized component remains parallel to the metal surface but 
undergoes a nearly 180° phase change at all angles of incidence. Since the reflective 
coefficient is close to unity, the 180° phase change leads to almost complete 
cancellation of the two fields occurring in the vicinity of the surface:  
Es = Esi[sinθ +rssin(θ +δs)] ≈ 0 
        The p-polarized radiation, however, behaves quite differently. It can be resolved 
into components parallel and perpendicular to the surface: 
Ep= = Epicosφ[sinθ − rpsin(θ + δp)] 
Ep⊥ = Episinφ[sinθ + rpsin(θ + δp)] 
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        For a wide range of angles φ, δp remains small and only increases to -180° near 
grazing incidence. The parallel component Ep= is therefore essentially zero for all 
values of φ. The normal components Ep⊥, on the other hand, combine constructively, 
increase with φ and abruptly drop back to zero at φ ~90° (sudden shift of δp to 180°).  
        The absorption intensity is proportional to the square of the overall electric field 
at the surface and the number of molecules (or the path length) with which the 
incoming incident ray can interact is proportional to secφ. The total absorption 
intensity in the RAIRS experiment is therefore given by ∆R = (Ep⊥/Epi)2secφ. 
Calculations show that maximum sensitivity is obtained when the angle of incidence is 
between 85° and 89°, depending on the optical properties of the metal at the 
wavenumber of interest. This function has the same shape for all metals reflecting the 
infrared (Figure 2.4), and ∆R is largest for the most highly reflecting metals. It can be 
seen immediately that the RAIRS experiment must be carried out at angles close to 
grazing incidence. 
        A more sophisticated classical electrodynamical modelling of the RAIRS 
experiment by considering a third phase (the optical constants of the adsorbate phase 
itself) has also been pursued both theoretically and experimentally.9 The series of A vs. 
φ curves for different adsorbate film thickness d on a reflecting metal surface from this 
model have the same form as those for the two-phase model. It thus concluded that the 
typical RAIRS spectrum of a moderate absorber should be directly comparable with a 
transmission spectrum. 
        In summary, the theoretical modeling of the RAIRS experiment on metal surfaces 
demonstrates that only the p-component of the incident radiation can interact with the 
surface-bound molecules, and only at grazing angles of incidence (typically φ =84~88° 
with respect to the surface normal) of the infrared beam is there any significant 
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component of the electric field at the metal surface. Consequently, only modes that 
give rise to a dynamic dipole moment normal to the metal surface can be vibrationally 
excited. 
        Semiconductor materials lack the almost perfect reflectivity which metals exhibit 
in the infrared, and which gives rise to the metal surface selection rule. The RAIRS 
absorption bands for adsorbates on semiconductors are much weaker than for metals.10 
Consequently, RAIRS is not so useful a technique for the study of adsorption on 
semiconductors, and alternative methods such as Attenuated Total Reflectance (ATR) 
has been developed.11 
 
2.1.4.2. Experimental Considerations 
        The high resolution of RAIRS has made it particularly suited to studies requiring 
precise measurements of frequency, intensity, half-width and line shape. However, 
sensitivity is still a major limitation of RAIRS. The limiting factors for sensitivity are 
the source brightness and the detector noise level, which is generally the limiting 
source of noise.12 Typically the single crystal surface used in RAIR experiments has a 
surface area of 10×10 mm2 for reflection, on which only 1014-1015 molecules may be 
adsorbed in a full monolayer, and only a small proportion of the reflected infrared 
intensity can be absorbed in a particular vibrational mode. Detectors must therefore be 
highly sensitive and be able to detect changes in the order of 10-10 W or smaller. 
        In making a choice of detector, one must refer to the manufacturer’s curve for D* 
(detectivity) as a function of wavelength, keeping in mind the spectral region of 
interest and the experimentally accessible range of modulation frequencies. Two 
classes of detectors, namely the liquid nitrogen cooled mercury cadmium telluride 
(MCT) detectors and the liquid helium cooled metal-doped germanium bolometer, 
have been developed and are suitable for the application in the mid- and far-infrared 
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ranges. The latter is more sensitive and most suitable for the far infrared range; 
however, one drawback of the bolomeric detection is that the detector response time 
restricts the modulation frequencies to below ca. 150Hz.12 
        Traditionally, the radiation sources in RAIRS are thermal emitting sources such 
as the globar, which consists of an ohmically heated silicon carbide rod. As the 
geometric restriction of reflection at grazing incidence prevents higher intensity being 
achieved through very low f number optics, even with the best detectors, superior 
signal-to-noise is possible only if the source brightness can be increased, especially in 
the long wavelength range. New bright sources of infrared light, e.g., lasers and 
synchrotron radiation from electron storage rings13,14 are becoming available, and 
provide significant advantages for studying interfaces and surfaces compared to 
traditional blackbody sources.  
        The noise levels are also inversely proportional to the square root of the number 
of scans, N; however, the effectiveness of signal averaging in RAIRS is limited by 
several factors. Firstly, for large N, the square root of N is a slowly varying function of 
N, so there is little to be gained by signal averaging for more than a few minutes. 
Secondly, even under the best UHV conditions, adsorption of background gases that 
can interfere with the measurement becomes a problem for long data acquisition time. 
Thirdly, over time small changes in spectral response are inevitable, which lead to 
miscancellation of features present in the single-beam-spectra. Lastly, which is of 
serious concern in practice, is the increase in fluctuation noise which results from the 
variation in quantities such as detector sensitivity, source intensity and sample 
position, with time. Indeed, It has been suggested that these factors are largely 
responsible for the noise component obtained in the 1000-4000 cm-1 region,12 so that 
elimination or minimization of these effects is of prime concern to the surface infrared 
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spectroscopist. A good data collection protocol can significantly offset the effect of 
these temporal fluctuations.         
        At first sight, it might appear that the sensitivity could be improved by using 
multiple reflections to sample the adlayer repeatedly; however, this is countered by 
increased intensity losses due to the imperfect reflectivity of most transition metals, 
especially at high angles of incidence. For most practical purposes a single reflection is 
used as it yields a sufficiently large fraction (>60%) of the maximum intensity 
achievable (∆R) by multiple reflections at φ~880. 
        The majority of Fourier Transform Infrared (FTIR) spectrometers that are 
commercially available are all capable of resolutions approaching 1 cm-1, 
corresponding to a moving mirror path length of 1 cm. Despite this, much of the data 
reported in the literature is recorded with a resolution of 4 cm-1, probably due to the 
advantages in signal-to-noise ratio (SNR) for a given scan time, offered by the lower 
resolution. It is also possible that this is due to the belief that typical vibrational half-
widths are on the order of 10 cm-1, so there is little to be gained by operating at higher 
resolution in most cases.  
        The UHV study of single crystal surfaces offers a few advantages though, 
concerning the SNR. Single crystals greatly limit the distribution of different types of 
adsorption sites that can lead to line broadening. So for the same peak area and noise 
level, the narrower the linewidth, the higher the SNR. This experimental advantage is 
in addition to simplifications in spectra interpretations that result from the use of single 
crystal substrates.  
        The fact that the adsorbate preferentially adsorbs the p-polarized component, 
leaving the s-component almost unchanged can be used in the method of polarization 
modulation15 in which the s-polarized spectrum is used as the reference for the           
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p-polarized one, which should be identical except for features due to adsorbate 
vibrations. This so-called double beam spectroscopy is insensitive to fluctuations in 
source intensity, detector responsivity and other factors which influence both 
components equally. It is essential for applications where a reference spectrum of the 
bare metal cannot be obtained or where there is an infrared-absorbing liquid or gas 
phase background.  
 
2.1.4.3 Spectral Interpretation 
        Vibrational spectroscopy has played a key role in identifying a wide range of 
intermediates in surface reactions. The interpretation of RAIR spectra relies on the 
same general principles used for homogeneous systems, such as symmetry selection 
rules and the concept of group frequencies. However, the degree of difficulty of 
assigning a spectrum to a particular adsorbed species or to a mixture of species ranges 
from trivial to nearly impossible. The primary difference in the case of surface 
intermediates is that reference spectra must generally be obtained on the surface of 
interest because of the possibility of large surface specific energy shifts that may 
otherwise prevent definitive mode assignments. As soon as a molecule adsorbs on the 
metal surface, it experiences a shift from the gas phase due to mechanical 
renormalization, its dipole image and its chemical bonding to surface. The chemical 
effects include those arising from bonding configuration (generally giving rise to the 
largest frequency shifts), the coordination of the substrate atoms, and local chemical 
environment. The dipole image and chemical bonding influence not only coverage-
dependent frequency shifts but also the halfwidth, line shape, and intensities of 
vibrational peaks.12  
        Generally the first step in interpreting vibrational spectroscopic data in surface 
studies is made by comparison with infrared spectra obtained from compounds 
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containing similar molecular entities. Because the types of species that can form on 
metal surfaces are often analogous to species formed in organometallic complexes or 
ionic salts,16 comparison of the spectra to those of the likely analogues is often one of 
the best ways to assign the spectra. In the absence of suitable spectra of organometallic 
or ionic analogues, comparison to spectra of likely species in the gas, liquid or solid 
phases or, even better, in an inert solid matrix is the usual course.  
        In the case of the non-dissociative adsorption and weak interaction with the metal, 
the spectra are closely related to those of the parent molecule and assignment is 
relatively straightforward. However, the motivation for many surface science studies 
of molecular adsorption on transition metal surfaces is to understand the reactive 
surface chemistry. Establishing the identity of surface species that are substantially 
different from the parent gas-phase molecule is a principal goal. As is generally the 
case for surfaces, satisfactory understanding of data from one technique often requires 
complementary information from other techniques. The interpretation is most 
frequently augmented with data from TPD, XPS, LEED, and HREELS, as well as 
from other techniques. There is also substantial literature containing the infrared 
vibrational spectra of adsorbed molecules on supported metal catalysts available for 
comparison.17 In addition, isotopic labeling experiments are generally critical for 
unambiguous vibrational assignments. Once fragments have been properly identified, 
the frequencies and intensities in RAIRS provide a wealth of information as a result of 
their sensitivity to the bonding and orientation of adsorbates.         
        Another powerful basis for the interpretation of the spectra is the surface dipole 
selection rule, which implies that only molecular vibrations giving rise to a dynamic 
dipole moment perpendicular to the surface will yield infrared absorption.2,12 This 
surface selection rule can be rationalized in another way using the image dipole theory, 
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which is an alternative statement of the electromagnetic conditions and is illustrated in 
Figure 2.5. The long-range electromagnetic field of the infrared radiation cannot 
distinguish the dipole and its image, and thus interacts with the sum of their dipole 
fields. In the case of a perpendicular dipole, this leads to an increased response; while 
in the case of a dipole parallel to the surface, the net summation of the components is 
zero, and no dipolar field remains for interaction.     
        Symmetry plays a central role in the selection rules governing the spectra of 
molecules. In the language of group theory, the selection rule is equivalent to stating 
that a vibrational state can be accessed by an electric dipole transition from the ground 
vibrational state if the upper state belongs to the same irreducible representation as the 
surface normal.11 It is based on the symmetry of the normal coordinate, not on the 
orientation of a given bond; and it does not forbid vibrations that are dominated by the 
stretching of bonds that are parallel to the surface. In some cases, the stretching of 
bonds that parallel to the surface may be accompanied by a change in the charge 
density between the metal and adsorbate, creating a dynamic dipole moment normal to 
the surface, such that the mode is then “surface dipole allowed”. This phenomenon is 
most prevalent for species such as ethylene which often adsorbs with the C=C bond 
axis parallel to the metal surface and bond via a combination of donation of π-electron 
density to the metal and back donation from the filled metal states into the π* 
molecular orbital of the adsorbate. The bonding interaction is expected to be a 
sensitive function of the C=C bond length, so that a dipole moment normal to the 
surface may develop as the C=C bond vibrates, due to the modulation of electron 
density in and out of the surface.18 Similar phenomenon has also been observed for the 
so-called η2(C, O) bonding of carbonyl compounds on metal surfaces,19-27  and for O2 
adsorption on Pt.28 
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        Rigorous application of the metal-surface selection rule usually involves a 
complete symmetry analysis and gives unambiguous bonding geometries for high 
symmetry systems (Cnv), which often correspond to only one adsorbate orientation. For 
low symmetry systems, several possible adsorbate configurations are possible, making 
symmetry analysis alone inadequate. In these situations, it is often instructive to 
consider the directions of the dynamic dipole moments of the normal vibrations of the 
free adsorbate molecule relative to the surface plane under various bonding modes. If 
the surface-adsorbate interaction is not too strong, then these predictions will reflect 
the true dipole moment changes for the surface-adsorbate complex.29 
        Vibrational spectroscopy is one of several methods that can provide structural 
information about molecules on surfaces. For this reason, there is a great deal of 
interest in extracting as much structural information as possible from surface 
vibrational spectra. Allara and co-workers have extended the selection rule to 
semiquantitatively estimate the tilt angles of adsorbed molecules on surfaces by 
dividing the measured absorbance by three times the angular average transition 
moment of an isotropic liquid sample, to give the projection of the transition moment 
along the surface normal.30 Molecular orientations from RAIRS data for several small 
molecules adsorbed under UHV conditions have been reported.28,31,32  
        Finally, as Pulay put it, “the main shortcoming of vibrational spectroscopy as a 
practical structural tool is the lack of a direct spectra-structure relation. Without 
elaborate calculations it is not possible in general to predict the vibrational spectrum of 
an unknown substance with sufficient accuracy to establish its identity or 
conformation.”33 There has been considerable progress in recent years in calculations 
from first principles of the electronic structure and other properties of small molecules 
interacting with solid surfaces. Spectra can be calculated for a given structure for a 
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given harmonic force field. The force field can be taken from molecules with similar 
functional groups, or it can result from an electronic structure calculation. In either 
case, however, the accuracy of the results is far less than the accuracy with which the 
spectra can be measured. Nevertheless, the point where calculations from first 
principles can be used to obtain accurate frequencies and relative intensities for all of 
the plausible surface species that might form in the course of surface chemical 
reactions might soon be reached. 
 
2.2 Experimental Procedures 
        The experiments in this work were performed in a three-level UHV chamber 
(Figure 2.6) with a base pressure of <2×10-10 Torr. It is equipped with an ion sputter 
gun (Physical Electronics) for sample cleaning and an Omicron four-grid 
SPECTALEED system for sample structure and compositional analysis using LEED 
and AES. RAIRS was carried out using a Nicolet Magna-IR 560 FTIR spectrometer 
coupled to the UHV chamber via a pair of ZnSe windows. The collimated infrared 
beam from the spectrometer was focused by an off-axis parabolic mirror onto the 
single crystal surface at an incident angle of 84°, and after reflection, collected and 
focused by another set of off-axis parabolic mirrors onto a liquid nitrogen-cooled MCT 
detector. The optical geometry is shown schematically in Figure 2.7.  
A disk sample of Ni(111), 14 mm in diameter and 1 mm thick, is attached to a 
sample holder and secured by two clips, with resistive heating and liquid nitrogen 
cooling facilities. The sample holder is attached to a VG Transax translator with x 
(±12.5 mm), y (±12.5 mm) and z (300 mm) motion. The Ni(111) crystal was cleaned 
by repeated cycles of Ar ion sputtering at 500K followed by annealing to 975K. The 
surface structure and cleanliness were verified by a sharp hexagonal LEED pattern and 
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the absence of any detectable contaminant AES signals. The Ni(111)-p(2×2)-O surface 
with O adatom coverage of 0.25 monolayer (ML) was prepared by exposing the clean 
crystal to 5×10-9 torr of molecular oxygen at ~320K for 150 seconds and was 
characterized by LEED and RAIRS (the CO post-dosed surface yield a single sharp 
ν(CO) absorption band at 2088 cm-1 (Figure 2.8a)).34 Another O-modified surface was 
prepared by varying the exposure to 60 seconds. Assuming a constant sticking 
coefficient, the O coverage obtained will be ~0.1ML and this was also confirmed by 
RAIR spectrum of the CO post-dosed surface (Figure 2.8b). 
Ar (99.9995%), O2 (99.999%), and CO (99.99%) were obtained from Soxal 
and Messer Gas Products and were used as purchased. Acetone (99.6%), acetone-d6 
(99.95%-D), acetaldehyde (99.9%), acetaldehyde-d4 (99atom%-D), acetic acid 
(99.7%), acetic acid-d4 (99atom%-D), acetylacetone (99%), hexafluoroacetylacetone 
(98%), trifluoroacetylacetone (98%), and 2,2-dimethoxypropane (98%) were 
purchased from Aldrich. 1,1-dimethoxyethane (99%) was purchased from Fluka. Prior 
to admission into the vacuum chamber, each chemical underwent several freeze-pump-
thaw cycles using the manifold connected to a rotary pump (Alcatel PASCAL 
2005SD).  
        To initiate an experiment, the single crystal sample was held at the temperature to 
be investigated. Gases were then delivered to the sample surface by backfilling the 
vacuum chamber via a Varian adjustable leak valve which is connected to a 4 mm 
diameter stainless steel tube placed with its opening ~5 cm in front of the sample 
surface. The chamber is rapidly and continuously pumped, so closing the leak valve 
returns the system to its UHV base pressure (~10-10 Torr) within several seconds. The 
exposures are reported in units of Langmuirs, based on the background ion gauge 
reading, and is not corrected for the relative ion gauge sensitivity of the different gases.  
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RAIR spectra were obtained by the coaddition of 200 scans at 4 cm-1 resolution 
(about 2 minutes acquisition time) over the spectral range 4000-800 cm-1 and are 
presented as a ratio against a clean surface spectrum recorded immediately before 
sample dosing. Unless otherwise indicated, the RAIRS spectra were collected at the 
same temperature as the dosing. Since experiments can last up to 60 minutes, the 
limitation of our signal-to-noise ratio in the RAIRS experiments tends to arise from 
long-term fluctuations (e.g. source intensity, vibrations from pumps, fluctuations in the 
substrate temperature, or changes in the H2O and CO2 concentration in the path 
between the spectrometer and the detector). Several repetitions of the experiments 
were usually carried out to ensure that the spectra were reproducible. Baseline 
corrections were performed to remove the slopes present in the spectra. In some 
instances, weak, inverted CO stretching features due to background adsorption were 
































































































Figure 2.2 Schematic diagram of a LEED system. Electrons of kinetic 
energy Ep are directed at the sample from an electron gun. The various 
grids G1-G4 ensure that only those electrons elastically scattered from 
























































Figure 2.3 The reflection geometry showing the s and p components of 




























from t 2.4 The relative amplitude (Ep⊥/Epi) of the electric field perpendicular to the 
e as a function of incident angle φ, together with the quantity (Ep⊥/Epi)2secφ. The 
hows the dominance of the normal component of the field of the surface arising 
he p component (from Ref. 12). 
 35
 





























Vacuum − + 
− + 
 






Figure 2.5 The image dipole picture of the metal’s screening of a dipole 
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Figure 2.6 Front view of the UHV chamber containing a LEED/AES system, a mass 
spectrometer and a FTIR spectrometer. 
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 Figure 2.7. Schematic diagram of the experimental configuration
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saturation doses of CO at 240K.  38
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Chapter 3   Adsorption and Reactions of Acetaldehyde  
on Preoxidized Ni(111) 
 
3.1 Introduction 
        Chemisorbed acetaldehyde has been implicated as an intermediate in many 
catalytic processes, including the Fischer-Tropsch synthesis1 and aldolization 
reactions2,3. Acetaldehyde has also been proposed as an intermediate in alcohol 
synthesis and in the reverse reaction, the alcohol decomposition. In fact, acetaldehyde 
is a particularly undesirable pollutant in the exhaust from vehicles operated on pure 
ethanol fuel.3-5 Some studies have been carried out to explore the possibilities of 
controlling its emission from ethanol-fuelled vehicles by the use of catalytic converters 
to promote its oxidation to CO2 and H2O at low catalyst temperatures,6-9 because 
acetaldehyde emissions are greatest during warm-up of the engine and catalytic 
converter.  
        The fates of the acetaldehyde intermediates in these reactions are dramatically 
influenced by their coordination geometries, which in turn are influenced by the 
electronic properties of the catalyst substrate. In modern surface science studies of this 
molecule on model catalyst (single crystal metal or metal oxide) surfaces, two major 
coordination geometries have been reported. One is the weakly bound η1(O) state 
(Scheme 3.1A) observed on the relatively inert Group IB Cu(100),10 Cu(111)11 and 
Ag(111)12 surfaces. Acetaldehyde coordinates via the O lone pair electrons in this 
configuration and its ν(C=O) frequency is little perturbed from that in the gas phase 
and falls in the range 1600-1690 cm-1. It typically desorbs near 200K without 
decomposition. On the more reactive Rh(111),13 Ni(100)14 and Pt[6(111)×(100)]15 
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surfaces, acetaldehyde adsorbs in a η2(C,O) state (Scheme 3.1B). This type of 
interaction results from simultaneous donation of electrons from the π orbital of the 
ligand to the dσ orbitals of the metal and back donation of metal dπ electrons to the π*-
antibonding orbital of the ligand. The stronger bonding of this type of configuration 
lowers the ν(C=O) frequency to around 1300 cm-1 and allows competitive 
decomposition processes to take place. It usually leads to the breakdown of 
acetaldehyde into a mixture of CO, H2, and hydrocarbon fragments. On the Ru(001)16 
and Pd(111)17 surfaces which are of intermediate reactivity, both types of interactions 
are observed but with a larger preference for the η2(C,O) geometry. On Pd(111), a 
stable η1(C)-acetyl species (Scheme 3.1C) has also been reported as being the 
decomposition intermediate of η2(C,O)-acetaldehyde.17 
        The presence of coadsorbed O alters the reaction pathways of acetaldehyde on 
metal surfaces in several ways. Firstly, the O adlayer promotes the coordination of 
acetaldehyde in the η1(O)-configuration and suppresses adsorption of these species in 
the η2(C,O)-state18-21. Secondly, the presence of surface O opens oxidation pathways, 
resulting in acetate formation from acetaldehyde.11,12,22 The oxidation process has been 
postulated by several authors to involve the nucleophilic attack of surface O on η1(O)-
acetaldehyde to form η2-(O,O)-ethane-1,1-dioxy (Scheme 3.1D) species which then 
undergoes dehydrogenation to surface acetate. There is some spectroscopic evidence 
for the formation of η2-(O,O)-ethane-1,1-dioxy on Ag(111)/O.22 On Pd(111),17 η2-
(O,O)-ethane-1,1-dioxy was not observed but its participation in the oxidation 
reactions has been inferred from the kinetic isotope effect observed for formate 
formation from H2CO and D2CO. There are also reports that the oxidation occurs 
through reaction of η2(C,O)-acetaldehyde with coadsorbed O.18  
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        Coadsorbed O can also initiate polymerisation of acetaldehyde. Polymerisation of 
acetaldehyde on metal surfaces is not as widely observed as for formaldehyde, 
presumably because of the unfavourable steric interactions arising from the presence 
of the methyl substituent and a subsequent increase in the activation barrier. There 
have been no reports of acetaldehyde polymerisation on clean metal surfaces except on 
Ru(001),16 but in the latter case, the adsorption bands have been reinterpreted by 
several authors17,22 and been assigned to η2(C,O)-acetaldehyde. With the addition of 
coadsorbed O, however, the formation of polyacetaldehyde with a helical chain 
structure (Scheme 3.1E) has been reported on Cu(111)11 and Ag(111)22. The η1(O)-
acetaldehyde species has been proposed as the precursor for the polymer growing in 
these cases. Polymerisation of acetaldehyde has also been observed on S-dosed 
Ni(100).14  
        We have previously studied the adsorption and reactions of acetaldehyde on clean 
Ni(111)23 and have observed the coadsorption of both η1(O)-acetaldehyde and 
η2(C,O)-acetaldehyde at 120K. The η1(O)-acetaldehyde does not begin to form until a 
certain coverage of η2(C,O)-acetaldehyde has been achieved and it desorbs without 
reaction at above 180K, whereas the η2(C,O)-acetaldehyde decomposes to give CO at 
between 240-280K. In this work, the effects of O on oxidation pathways of 
acetaldehyde on Ni(111) have been examined.  The likely oxidation intermediate, η2-
(O,O)-ethane-1,1-dioxy has been isolated and identified spectroscopically.  
 
3.2 Results 
3.2.1 Adsorption of Acetaldehyde on Ni(111)-p(2×2)-O at 120K 
        Figures 3.1 and 3.2 show respectively the RAIR spectra of CH3CHO and 
CD3CDO dosed on Ni(111)-p(2×2)-O at 120K as a function of exposure. In the 
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monolayer regime (Figures 3.1a and 3.2a), the RAIR spectra exhibit the characteristic 
C=O stretching mode ν(C=O) of surface bound η1(O)-acetaldehyde species centred at 
1674/1657 cm-1. For CH3CHO, the band at 1134 cm-1 is assigned to the CC stretching 
mode ν(CC), the band at 1354 cm-1 is assigned to the symmetric methyl deformation 
δs(CH3) and the band at 1417 cm-1 is assigned to the asymmetric methyl deformation 
δas(CH3). For CD3CDO, the ν(CC) stretch frequency is shifted to 1176 cm-1 and the 
CD3 asymmetric deformation δas(CD3) is observed at 1021 cm-1. A splitting of the 
ν(C=O) band is observed for both CH3CHO and CD3CDO as is observed on clean 
Ni(111) and is presumably due to adsorption on different surface sites perturbed by 
coadsorbed species. These spectra are in sharp contrast to the corresponding 
monolayer RAIR spectra of acetaldehyde on clean Ni(111),23 where bands arising from 
η2(C,O)-acetaldehyde are observed to coexist with those of η1(O)-acetaldehyde. The 
growth of physisorbed acetaldehyde multilayers at exposures above 0.015L is 
indicated by the appearance of the characteristic ν(C=O) bands at 1719/1707 cm-1 
(Figures 3.1c and 3.2c). There is good agreement between these observed frequencies 
and those of the crystalline state.24 No sign of polymerisation of acetaldehyde is 
present at this stage. The detailed band assignments for multilayer and η1(O)-
acetaldehyde are listed in Table 3.1.   
 
3.2.2 Adsorption of Acetaldehyde on Ni(111)-p(2×2)-O between 180-350K 
        The series of RAIR spectra taken as a function of increasing temperature from 
180-350K for a saturated monolayer of CH3CHO and CD3CDO on Ni(111)-p(2×2)-O 
are shown in Figures 3.3 and 3.4 respectively. At 180K the attenuation of the strong 
ν(C=O) absorption band of η1(O)-acetaldehyde and the concurrent appearance of new 
groups of features in the 1050-1250 cm-1 region, and the myriad of small bands in the 
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δ(CH3) (~1400 cm-1) and δ(CD3) (~1000 cm-1) regions which are not present in the 
molecular acetaldehyde infrared spectra suggests that reaction has occurred to produce 
different surface species. The bands in the 1050-1250 cm-1 region are typical of 
compounds containing the O-C-O vicinal diether linkage25 and match very well with 
the spectra of polyacetaldehyde formed on Cu(111)11 and Ag(111)22, which in the 
latter case has been identified as assuming a helical chain configuration and bonds to 
the surface through O atoms at various points along the skeletal backbone (Scheme 
3.1E). For (CH3CHO)x, the myriad of bands in the δ(CH3) and δ(CH) region (1320-
1450 cm-1) also match well with the infrared spectra of polyacetaldehyde formed on 
surfaces11,22 and in the crystalline state.26 The ν(CC) and ρ(CH3) modes are strongly 
coupled and are observed at 1133 and 898 cm-1, by analogy with the corresponding 
modes in (CH3CHO)x; while the νas(OCO) and νs(OCO) modes are observed at 1096 
and 1062 cm-1, respectively. In the case of (CD3CDO)x, the situation is complicated by 
the similarity in frequencies of the C-D deformations, C-C stretch, and C-O stretches, 
which results in intermixing of all these modes. We tentatively assign the bands at 
1031-1109 cm-1 to the coupled modes of δas(CD3), δs(CD3) and the in-plane C-D 
deformation δ(CD), based on their isotopic shifts by factors of 0.72-0.86. The bands at 
1201 and 1031 cm-1 are assigned respectively to νas(OCO) and νs(OCO) of the 
polyacetaldehyde chain, while band at 1249 cm-1 is assigned to the coupled mode of 
δ(CD) and νs(OCO), and the band at 941 cm-1 is assigned to ρ(CD3). The detailed 
vibrational mode assignments for polyacetaldehyde are listed in Table 3.2. 
        At 240K, the most obvious changes of the RAIR spectra are the disappearance of 
the νas(OCO) vibrational modes at 1096/1201 cm-1 and most of the small 
δ(CH3)/δ(CD3) bands. This is indicative of the breakdown of the helical 
polyacetaldehyde chains and formation of bidentate η2-(O,O)-ethane-1,1-dioxy, whose 
 45
νas(OCO) stretching mode has now been rendered infrared inactive due to the surface 
screening. Another change in the RAIR spectra is the appearance of the small bands at 
1419/1425 cm-1 which are indicative of the formation of surface bound acetate. Some 
η1(O)-acetaldehyde is still present  as evidenced by ν(C=O) at 1674/1659 cm-1, as well 
as ν(CC) at 1133/1175 cm-1. The remaining bands are attributed to the η2-(O,O)-
ethane-1,1-dioxy species and are also assigned in Table 3.2. 
        The RAIR spectra obtained at 350K are dominated by the strong band at 
1435/1423 cm-1 and agree well with that of the acetate species observed on other metal 
surfaces. RAIR spectra obtained at saturation acetic acid exposures on Ni(111) are 
qualitatively similar as shown in Figure 3.5. The band in the 1420-1450 cm-1 region is 
assigned to νs(OCO) of bidentate acetate, while the corresponding asymmetric O-C-O 
stretch νas(OCO) of this species, which usually absorbs as strongly as νs(OCO) in 
acetate ligands at 1550-1600 cm-1, appears to be very weak.  
        The small band at 1322/1344 cm-1 is tentatively assigned to the νs(OCO) mode of 
an adsorbed formate species based on a comparison with the relevant formate 
vibrational spectra on metal surfaces,27-29 as well as in formate salts.30 Formate 
production from acetate decomposition has been previously reported on Ag(110)27 and 
a mechanism was proposed in which a surface O atom abstracts a proton from the 
acetate, and the resulting CH2COO species reacts further with another O atom to form 
a glycolate (O2CCH2O) intermediate. Nucleophilic attack at the methylene C by an O 
atom, followed by C-C bond scission releases CO2 and forms H2CO2, which 




3.3.1 Effect of Surface Atomic O on the Adsorption of Acetaldehyde on Ni(111) 
        The coadsorption of atomic O on metal surfaces has been found to play several 
roles in influencing the course of surface reactions of organic carbonyl compounds. On 
the relatively less reactive Group IB metals where carbonyl compounds adsorb 
exclusively in the η1(O)-configuration, introduction of O opens new reaction 
pathways, and its principal contribution is in direct reaction with adsorbed organics 
through nucleophilic addition reactions.11,22,27 On the Group III-VIB metal surfaces, O 
is too strongly bound to be reactive, and tends to deactivate the surfaces.31 Among the 
Group VIII metals both roles have been observed. These roles include alteration of the 
preferred adsorption states of carbonyl compounds from side-on, η2(C,O), to end on, 
η1(O);13,17,20 inducement of polymerisation of aldehydes;17 oxidation of aldehydes to 
form adsorbed carboxylates;13  and stabilization of O-bound surface intermediates;18,20 
        Our observations are entirely consistent with these generalizations. The 
coadsorption of O not only increases the yield of η1(O)-acetaldehyde but also 
stabilizes it to higher desorption temperatures (240K on preoxidized Ni(111) vs 180K 
on clean Ni(111)). A similar effect has also been observed for acetaldehyde adsorption 
on O-precovered Rh(111)18 and Pd(111),17,32 as well as for acetone adsorption on O-
precovered Pd(111),33 Rh(111),34 and Ru(001).35,36 
        Although the possibility that O prevents adsorption in the η2(C,O) configuration 
by simple site-blockage cannot be entirely excluded, direct analogies from studies of 
the effect of preadsorbed O on olefin adsorption37, as well as theoretical results for 
interaction of unsaturated functional groups with metal clusters and surfaces,38 suggest 
that adsorption configuration is influenced much more strongly by surface electronic 
properties rather than by the geometry of surface sites. The η1(O)-acetaldehyde bonds 
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to the surface through the overlap of a single lobe of the nonbonding O lone pair 
orbital of acetaldehyde with a dσ acceptor orbital of the metal; and there is concurrent 
backdonation of electron density from metal dπ metal to the πCO* antibonding orbital. 
Since the π*CO-antibonding orbital has its amplitude more strongly localized on the 
carbonyl C atom than on the O atom, backdonation from the metal dπ levels to this 
orbital is weak and the ν(C=O) stretching frequency does not shift very much (less 
than 100 cm-1 from the gas-phase value). In the η2(C,O)-configuration, bonding results 
from the simultaneous donation of electrons from the πσ orbital of the acetaldehyde 
C=O bond to the dσ orbitals of the metal and back donation of metal dπ electrons to the 
acetaldehyde π*CO-antibonding orbital. In the absence of backdonation, the πσ-donor 
bond is particularly weak and unstable39 and the strength of this interaction depends 
critically on the energy match of the interacting orbitals.  
         Addition of the O overlayer lowers metal Fermi level and the dσ,π orbital 
energies.40 The acetaldehyde π*CO orbital energy level is therefore further away from 
the metal dπ orbital and the back-bonding electron transfer is decreased. In contrast, the 
total dative interaction of the lone pair orbital on O and that of the dσ orbital of the 
metal is increased.41,42 It is thus no surprise that the η1(O)-configuration is favoured on 
O-precovered metal surfaces. 
        The net transfer of electrons from the metal surface to adsorbed η2(C,O)-
acetaldehyde may induce similar effects as coadsorbed O does to promote adsorption 
in the η1(O)-configuration. On clean Ni(111), η1(O)-acetaldehyde does indeed begin to 
form when a certain coverage of η2(C,O)-acetaldehyde has been achieved, although 
this could also be due to the absence of surface sites available for bidentate η2(C,O)-
bonding. The through-surface interaction of these coadsorbates might also be the cause 
 48
of the observed splitting of the ν(C=O) bands. The coadsorbed O or η2(C,O)-
acetaldehyde withdraw electron density from neighboring Ni atoms and enhances their 
Lewis acidity. As a result, backdonation from the metal dπ orbital of these surface sites 
to the π*CO-antibonding orbital is reduced and the C=O bond strength is weakened to a 
lesser extent, hence giving a higher ν(C=O) frequency. 
 
3.3.2 Polymerisation and Oxidation of Acetaldehyde on Ni(111) 
        Polymerisation of formaldehyde has been widely observed previously on metal 
surfaces such as Ru(111),16 Ni(110),43 Pd(111),17 Cu(110),44 Ag(110)/O,22 
Rh(111)/O,45,46 Pd(111)/O20, and NiO(100).47 In contrast, the polymerisation of higher 
aldehydes on metal surfaces has not been reported with the same consistency. No 
polymerisation of acetaldehyde has been found on clean metal surfaces to date. The 
differences between the polymerisation activities of formaldehyde and acetaldehyde 
may be attributed to the unfavourable steric interactions arising from the presence of 
the methyl substituent. This is in agreement with the well-established principles of 
polymer chemistry: while formaldehyde will readily polymerise into linear chains of 
the form (H2CO)n that are stable above room temperature, analogous polymers of the 
higher aldehydes may be found in solution only at low temperatures in the presence of 
an initiator.48,49 On metal surfaces, polymerisation of acetaldehyde has only been 
achieved in several cases with the assistance of surface modifiers, eg. Cu(111)/O,11 
Ni(100)/S 14 and Ag(111)/O.22  
        The mechanism of acetaldehyde polymerisation on O precovered surfaces has 
been previously discussed,22 where it was suggested that the surface atomic O initiates 
coupling between acetaldehyde molecules by direct addition to the aldehyde C=O 
group so as to form a surface-bound dioxy fragment whose free O end can further add 
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to another aldehyde molecule. The process is then repeated and more aldehyde 
molecules undergo sequential nucleophilic addition by the free O end. In that work, the 
formation of a bidentate ethane-1,1-dioxy species has also been postulated. This work 
provides further spectroscopic evidence of the formation of this species.  
        Single η2(O,O)-ethane-1,1-dioxy units are expected to have a subset of the 
infrared absorption frequencies of polyacetaldehyde and paraldehyde, but will not have 
the corresponding band splitting in the δ(CH3)/δ(CD3) region. The bidentate bonding 
configuration of this species will also render its νas(OCO) vibrational mode parallel to 
the surface and be RAIR inactive. This is precisely what we observe in our spectra. 
From 180 to 240K, the dominant νas(OCO) vibration band at 1096 cm-1 (for CH3CHO) 
and 1201 cm-1 (for CD3CDO) and many of the small δ(CH3)/δ(CD3) bands of 
polyacetaldehyde clearly disappear while a concurrent increase in intensity of the 
νs(OCO) vibration bands at 1023 and 1049 cm-1 is observed. This is indicative of the 
breakdown of the helical polyacetaldehyde chains and the formation of bidentate 
bridge bonded η2-(O,O)-ethane-1,1-dioxy. Further heating leads to the elimination of 
H and yields acetate, as is similarly observed on Ag(111).  
        The RAIR spectra of acetaldehyde on Ni(111)-p(2×2)-O at 350K are virtually 
identical to that of the corresponding spectra produced by acetic acid adsorption on 
preoxidized Ni(111). Oxidation of acetaldehyde to acetate has been observed 
previously on Rh(111)/O,18 Pd(111),20 Pt(111),19 TiO2,50 CeO2,51 Cu(111)/O,11 
Cu(110),52 Ag(110)27 and Ag(111)/O.22 It has almost been universally agreed that the 
adsorption and deprotonation of acetic acid on Group VIII metal surfaces also 
produces surface bound acetate, which will further decompose to give H2 and CO2, and 
in some cases CO and surface C as well.  In most cases, the acetate species on metal 
surfaces appears to favour a vertical symmetric bidentate bridging mode, judging from 
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the observation of the strong νs(OCO) mode and the absence of the νas(OCO) mode in 
its RAIR or HREEL spectra on Pt(111),53 Rh(111),18,54 Pd(111),28 Cu(111),11 and 
Ag(111).22 This conclusion was further supported by molecular orbital calculations for 
acetate on Cu(100)55 and Rh4 clusters56, photoemission studies of acetate on Cu(110),57 
as well as photoelectron diffraction studies of acetate on Cu(110)58 and Cu(100).55 
        The strong νs(OCO) band observed at 1435/1437 and 1423/1426 cm-1 in our 
spectra suggests that the acetate species is also adsorbed predominantly in the upright 
bidentate configuration. The small band at ~1550 cm-1, together with the shoulder band 
at ~1450 cm-1 which appear only at high coverages may be attributed to the νas(OCO) 
and νs(OCO) modes respectively of a second acetate species whose molecular axis has 
somewhat tilted away from the vertical orientation because of steric crowding and 
repulsive dipolar interactions between the densely packed adsorbates. A similar 
phenomenon has also been observed in the case of acrylic acid adsorption on Ni(111)59 
where high exposures of acrylic acid causes partial tilting of the acrylate species and 
observation of the corresponding νs(OCO) and νas(OCO) bands at 1462 and 1534 cm-1, 
respectively. Such tilting phenomena are even more prevalent for the formate species 
which has a less bulky H substituent. On preoxidized Ag(111),60 increasing the 
coverage causes it to adopt as many as four different bonding configurations in order 
to minimize unfavorable intermolecular repulsive interactions. Tilted formate and 
acetate species has also been observed on other various surfaces including Ni(110)61, 
Ru(001)62, Cu(100)63,64,  Pt(111)65, Ag(110)66, Mo(110)67, Fe(110)68, and Pd(111)28. 
 
3.4 Conclusions: 
         The reaction of acetaldehyde on the Ni(111) surface is altered dramatically by 
the presence of coadsorbed O. Firstly, the O adlayer promotes the coordination of 
 51
acetaldehyde in the η1(O)-configuration and completely suppresses adsorption in the 
η2(C,O)-state at 120K. Secondly, the presence of surface O initiates polymerisation of 
acetaldehyde at 180K. On heating, polyacetaldehyde breaks down into free 
acetaldehyde and surface-bound ethane-1,1-dioxy units, which dehydrogenate by 300K 




           





















































































Scheme 3.1 Structures of possible species f
acetaldehyde with metal surfaces (Note: 
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Figure 3.1 RAIR spectra of Ni(111)-p(2×2)-O dosed with increasing exposures of 





















(a) CD3CDO- Ni(111)-p(2×2)-O/0.0025L 
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 3.2 RAIR spectra of Ni(111)-p(2×2)-O dosed with increasing exposures of 






































































(a) CH3CHO- Ni(111)-p(2×2)-O/180K/0.05L 
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 3.3 RAIR spectra of Ni(111)-p(2×2)-O dosed with saturation exposures of 















































(a) CD3CDO- Ni(111)-p(2×2)-O/180K/0.05L 















 1000   1500   2000  
Wavenumbers (cm-1)
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(a) CH3COOH- Ni(111)-p(2×2)-O/350K/0.05L 
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 3.5 RAIR spectra of Ni(111)-p(2×2)-O dosed with saturation exposures of 
acid and acetic acid-d4 at 350K. 
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ν (CH)/ν (CD) 2762 2095
 
























































ρ(CH3)/ρ(CD3) 889 948 934
 
a from reference 26, b from reference 11, c from reference 12, d from this work.
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       Table 3.2 Vibrational Frequencies and Mode Assignments for Polyacetaldehyde and Ethane-1,1-dioxy. 
. 

















        
νas (CH3)/νas (CD3) 
 
2980, 2920 2975,2960 2979  2228, 2215 2236  
       
       
       
       
       
        
       
       
       
       
       
       
       
       
       
      
       
         
       
        
νs (CH)/νs (CD) 
 
2860 2838 2088
δas (CH3)/δas (CD3) 
 
1445 1442 1439 1425 1049, 1041 1045
δs (CH3)/δs (CD3) 
 
1380 1376 1376 1068 1070
δ (CD)+ νs (OCO) 
 
1226 1249 1250
δ (CH)/δ (CD) 
 
1400, 1335 1326 1326 1326 1134
νas (OCO) 
 
1187 1175, 1160 1096 1180 1201
νs (CCC) 
 
1130 1122 1172 1172, 1114 1110 1109 1107
νs (OCO) 
 
1085, 1040 1090, 1084 1062 1049 1208 1027 1023
ρ (CH3)/ρ (CD3) 
 
970, 935 915,904 898 880 948 941 947, 918
π (CH3)/π (CD3) 845, 810
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 Chapter 4   Adsorption and Reactions of Acetone on  
Preoxidized Ni(111) 
 
4.1  Introduction 
        The surface chemistry of acetone on metal and metal oxide surfaces plays an 
important role in the catalytic processes of aldol condensation and hydrogenation of 
acetone for the production of diacetone alcohol (DAA), mesityl oxide (MSO), and 
methyl isobutyl ketone (MIBK).1,2 In the one-step synthesis of MIBK from acetone, it 
has been shown that Ni supported on phosphorous oxynitride (AIPON) or MgO is 
highly selective for operation under low pressure and temperature conditions. The 
formation of an adsorbed enol or enolate species is generally believed to be one of the 
elementary steps in these processes.3,4  
        Production of acetone enolate has been postulated on Ag(110)5 and Ag(111)6 but 
no conclusive spectroscopic evidence has been given. In a few studies on other metal 
single crystal surfaces, however, no formation of this species has been reported. The 
adsorption states of acetone on metal surfaces are found to closely resemble that of 
acetaldehyde and other simple carbonyl compounds. The dominant adsorption states 
are that of intact molecule bonding to the surface either in the end-on η1(O)-state 
(Scheme 4.1A) or in the lying-down η2(C,O)-configuration (Scheme 4.1B). Compared 
with acetaldehyde, the substitution of H by the methyl group increases the steric 
repulsion when acetone approaches the surface laterally and the adsorption of the 
η2(C,O)-state is less favored.7 On Cu(100),8 Cu(111)9 and Au(111),10 acetone adsorbs 
in the η1(O)-configuration and desorbs molecularly near 200K; whereas on some of 
the Group VIII transition metal surfaces studied, both forms of acetone are found to 
coexist. On Pd(111)7, Rh(111)11,12, and Ru(001)13-15, the η2(C,O) species predominates 
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 and reacts to give H2CO and surface C;  while on Pt(111)13,14,16, the  η1(O)-
configuration is preferred. The ν(C=O) frequency of η1(O)-acetone on these surfaces 
falls in the range between 1630 – 1695 cm-1, and the ν(C=O) frequency of η2(C,O)-
acetone is found between 1330 – 1445 cm-1.  
        Coadsorption of atomic O on metal surfaces can alter the adsorption and reactions 
of acetone in several ways. As a highly electronegative species, the coadsorbed O 
withdraws electron density from neighboring metal atoms and creates Lewis acid sites 
that promote σ-donation from, but hinder π-back donation to other adsorbates. This is 
manifested in the increased proportion and stability of η1(O)-acetone relative to that of 
η2(C,O)-acetone on O-precovered Rh(111)11 and Ru(001)15. Surface atomic O can also 
behave as a strong nucleophile or base and induce reactive adsorption if it is 
sufficiently weakly bound. On preoxidized Ag(110)5 and Ag(111)6, acetone is subject 
to a combination of nucleophilic addition and deprotonation to yield stable surface 
bound η1(O,O)-propane-2,2-diyldioxy (Scheme 4.1C) and acetone enolate (Scheme 
4.1D). The latter further decomposes to yield ketenylidene and formate species on 
Ag(111).6 
        In our previous studies of acetone adsorption on clean Ni(111),17 it was found to 
adsorb molecularly in the η1(O)-configuration at below 180K. A species with bands at 
1544, 1352 and 1259 cm-1 formed between 180 and 320 K has been assigned to 
surface-bound acetone enolate.17,18 With the coadsorption of atomic O, the formation 
of both η1(O)-acetone and acetone enolate is expected to be enhanced by the increased 
Lewis acidity of the surface. In this work, experiments have been conducted with 
various O coverages and the formation of η2(O,O)-propane-2,2-diyldioxy has also 
been observed.  
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 4.2 Results 
4.2.1 Adsorption of Acetone on Preoxidized Ni(111) at 120K 
        The RAIR spectra of Ni(111)-p(2×2)-O and Ni(111)-0.1ML-O dosed with 
CH3COCH3 and CD3COCD3 at 120K in the monolayer and multilayer coverage 
regime are shown in Figures 4.1 and 4.2 respectively. The physisorption of multilayer 
acetone is evidenced by the C=O stretching ν(C=O) bands at 1718 and 1707 cm-1, 
which are in good agreement with the infrared spectra of gas phase and liquid 
acetone19,20 and with that observed for multilayers of acetone on other metal 
surfaces.10,16 The bands at 1678 and 1671 cm-1 are due to ν(C=O) of the chemisorbed 
monolayer, which is bonded in the η1(O)-configuration. For the Ni(111)-0.1ML-O 
surface, a second species attributed to η1(O)-acetone adsorbed on clean surface sites is 
also present with ν(C=O) at 1649 and 1658 cm-1 (Figures 4.2a and 4.2c). Detailed 
bands assignment for both monolayer and multilayer acetone species are given in 
Table 4.1.  
        There appears to be some orientational preference in the multilayer packing 
structure as suggested by the anisotropic increase in band intensities with increasing 
exposure. In particular, the ν(C=O) band 1718/1707 cm-1 seems to reach a constant 
intensity while the other acetone bands continue to grow above an exposure of ~0.3 L 
(spectra not shown). A similar trend of the reorientation of the multilayer has also been 
observed for acetone adsorption on Au(111).10  
 
4.2.2 Adsorption of Acetone on Ni(111)-p(2×2)-O between 180-340K 
        The RAIR spectra obtained as a function of increasing temperature from 180-
340K for a saturation dose of CH3COCH3 and CD3COCD3 on Ni(111)-p(2×2)-O are 
shown in Figures 4.3 and 4.4 respectively. For CH3COCH3, the 180K spectrum (Figure 
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 4.3a) exhibits the characteristic ν(C=O) mode of surface-bound η1(O)-acetone 
centered at 1682 cm-1. The weak band at 1233 cm-1 can be assigned to the asymmetric 
CCC stretching mode νas(CCC) and the remaining three bands are characteristic of the 
CH3 group. The 1361 cm-1 band is assigned to the symmetric methyl deformation 
δs(CH3), the 1423 cm-1 band is assigned to the asymmetric methyl deformation 
δas(CH3) and the 1092 cm-1 band is assigned to methyl rocking mode ρ(CH3). These 
vibrational frequencies are similar to those of low coverage η1(O)-acetone observed on 
clean Ni(111), except that the coadsorbed O causes the ν(C=O) band frequency to be 
shifted about 30 cm-1 higher from the clean surface value of 1655 cm-1. The ν(C=O) 
band of η1(O)-acetone remains at 260K (Figure 4.3b), indicating that it is more stable 
on this surface than on clean Ni(111), where it desorbs above 180K. Similar behavior 
is observed for CD3COCD3. The isotopic substitution shifts the ν(CO) and νas(CCC) 
stretching frequencies slightly to 1674 and 1266 cm-1 respectively (Figure 4.4a), while 
the CD3 asymmetric deformation δas(CD3) is observed at 1028  cm-1.  
        At 340K, a new set of bands is observed at 1246, 1364, 1430, and 1550 cm-1 for 
CH3COCH3 (Figure 4.3c). The characteristic ν(C=O) band of η1(O)-CH3COCH3 at 
~1680 cm-1 completely disappears. The set of bands at 1246, 1364, and 1550 cm-1 are 
similar in frequency to those observed on clean Ni(111) at 260K and are assigned to 
the mixed vibrational modes involving essentially the CC stretch ν(CC), symmetric 
CH3 deformation δs(CH3), and CO stretch of a surface-bound acetone enolate 
species.18 The band at 1430 cm-1 is assigned to the OCO symmetric stretch νs(OCO) of 
surface-bound acetate. The corresponding CD3COCD3 spectrum (Figure 4.4c) exhibits 
little change in the frequencies of ν(CC), ν(CO) and νs(OCO), but the δs(CD3) band is 
not observed. The absorption intensities of all these species appear stronger than those 
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 on the clean surface, suggesting higher saturation monolayer coverages have been 
achieved. The acetone enolate on this surface is stable up to 380K. 
 
4.2.3 Adsorption of Acetone on Ni(111)-0.1ML-O between 180-340K 
        Figures 4.5 and 4.6 show respectively the RAIR spectra of a saturation dose of 
CH3COCH3 and CD3COCD3 on Ni(111)-0.1ML-O taken as a function of increasing 
temperature. At 180K, η1(O)-acetone is also formed, together with a set of new 
features between 840 and 1400 cm-1 (Figure 4.5a and 4.6a). The bands between 840 
and 1200 cm-1 are distinct from that of either η1(O)- or η2(C,O)-acetone adsorbed on 
metal surfaces; however, a comparison with the vibrational spectra of propane-2,2-
diyldioxy (CH3)2COO on Ag(110)5 and Ag(111)6 reveals excellent agreement with 
their absorption frequencies. The relevant assignments of the observed bands are 
summarized in Table 4.3. At 260K, the propane-2,2-diyldioxy bands disappear, 
leaving behind features due to η1(O)-acetone and acetone enolate. The η1(O)-acetone 
species on this surface is also stable up to 260 K (Figure 4.5b, 4.6b), upon which it 
desorbs. No splitting of the ν(C=O) band is observed at this stage and the band size is 
smaller than that on Ni(111)-p(2×2)-O, as the η1(O)-acetone bound to the clean surface 
sites would have desorbed. The RAIR spectra obtained at 340K (Figure 4.5c, 4.6c) 
show features due to acetone enolate and acetate at frequencies corresponding to the 
spectra on Ni(111)-p(2×2)-O with the additional appearance of an absorption band due 
to CO at 1801-1807cm-1.  
 
4.3  Discussion 
4.3.1 Effect of O Preadsorption on η1(O)-Acetone Adsorption 
        The present results demonstrate that adsorbed surface O has dramatic effects on 
the reactivity of acetone on Ni(111). The most obvious ones are the stabilization of 
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 η1(O)-acetone on the surface to higher temperatures, and the nucleophilic addition of 
O to produce adsorbed η2(O,O)-propane-2,2-diyldioxy.  
        Coadsorbed O also appears to alter the preferred adsorption geometry of the 
surface η1(O)-acetone species, as is approximately deduced by an analysis of its 
infrared activity. With reference to studies by Anton and Weinberg,15 η1(O)-acetone 
can coordinate to the surface with four possible symmetry descriptions, namely C2v, 
Cs(1), Cs(2) and C1 (Figure 4.7). According to the metal-surface selection rule, 
vibrational dipole excitations are limited to only dipole moment changes that possess a 
component normal to the surface.21 The ν(CO) mode of the free acetone skeleton is 
polarized parallel to the C2 axis and has a component perpendicular to the surface 
plane in all the four configurations, making it always dipole active. The νa(CCC) mode 
is polarized in the σ1 mirror plane, while the ρ(CH3), is polarized in the σ2 mirror 
plane. Both will be parallel to the surface and be dipole inactive in the C2v 
configuration. Their dipole activity depends upon the direction of the tilt of the C2 axis. 
For the Cs(1) configuration in which the acetone molecule tilts along the σ2 mirror 
plane, the ρ(CH3) mode becomes dipole active. For the Cs(2) mode, where the acetone 
tilts along the σ1 mirror plane, however, the νa(CCC) mode becomes dipole active. All 
the vibrational modes become dipole active for the C1 configuration in which the 
acetone molecule tilts in both directions. Depending on the tilt angle, the relative 
intensity of ν(CO) mode with respect to the νa(CCC) and ρ(CH3) modes will also 
change. 
        The η1(O)-acetone spectra on O-precovered Ni(111) surfaces, however, always 
exhibit the νa(CCC) mode between 1233-1266 cm-1, which, together with the absence 
of the ρ(CH3) mode, indicate that the η1(O)-acetone formed adopts the Cs(2) 
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 configuration (Figure 4.7c). On clean Ni(111), however, coverage-dependent 
orientation of adsorbed η1(O)-acetone was observed. η1(O)-acetone adsorbs in the 
Cs(2) configuration in the sub-monolayer regime but takes on a C1 configuration at 
higher coverages as evidenced by the appearance of the out-of-plane modes νas(CH3) 
and ρ(CH3) at 2880 and 1049 cm-1, and the concurrent attenuation of the ν(C=O) 
band.17  
        The η1(O)-acetone is also observed to be more stable on preoxidized Ni(111) than 
on clean Ni(111). This together with the upward shift of the ν(C=O) frequency is not 
unexpected if we consider the nature of the bonding between η1(O)-acetone and 
Ni(111). Chemisorption on metal surfaces generally results from the interaction of the 
frontier orbitals of the adsorbate and the metal and the bonding is accomplished at the 
expense of bonding within the adsorbed molecule.23 Similar to η1(O)-acetaldehyde, 
η1(O)-acetone also bonds to the surface through the overlap of its nonbonding O lone 
pair orbital with the dσ acceptor orbital of the metal and through the backdonation of 
electron density from the metal dπ to the π*CO-antibonding orbital. The coadsorbed O 
withdraws electron density from neighboring metal atoms and enhances their Lewis 
acidity. As a result, donation from the O lone pair to the Ni(111) surface is enhanced 
whereas the backdonation from the metal dπ to π*CO-antibonding orbitals is reduced. 
With the former as the major stabilizing factor, η1(O)-acetone is now bonded more 
strongly on the surface (stabilization effect) and the C=O bond strength is weakened 
less (upward shift of ν(C=O) frequency). 
        An orientation change in the multilayer is also observed at high exposures as 
evidenced by the dramatic decrease of the relative intensities of the ν(C=O) and 
νs(CCC) bands. Clearly, acetone molecules in the multilayers are oriented such that the 
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 ν(C=O) mode is screened by the surface to a much greater extent than the νs(CCC) 
mode. At the same time, a split in the νs(CCC) stretching region is observed. The 
lower frequency band 1231/1262 cm-1 practically remains unchanged at exposures 
exceeding 0.2L, as does the ν(C=O) band; while the higher frequency band at 
1238/1269 cm-1 continues to increase with acetone exposure. This second νs(CCC) 
band may be attributed to acetone molecules in the upper multilayers that are 
orientated with their molecular planes perpendicular to the metal surface but with their 
C=O double bonds nearly parallel to the surface as shown in Figure 4.7e. The upward 
shift of the νs(CCC) frequency may be due to dipole coupling among the adsorbates. 
This orientation is identical to that reported for crystalline acetone22 as well as for 
acetone multilayers formed on Au(111).10 
 
4.3.2. Production of Propane-2,2-diyldioxy          
        The production of propane-2,2-diyldioxy has been postulated on Ag(110)/O5 and 
Ag(111)/O6 but has not been reported on Group VIII metal surfaces. This is not 
altogether surprising as propane-2,2-diyldioxy is the product of the nucleophilic attack 
of surface O atoms on the electron-deficient carbonyl C of η1(O)-acetone. Surface 
atomic O is weakly bound on Ag and therefore is strongly nucleophilic; but on most 
Group VIII metal surfaces, it is more strongly bound and becomes less nucleophilic. O 
on Ni(111) proves to be of intermediate reactivity. On Ni(111)-0.1ML-O, propane-2,2-
diyldioxy coexists with η1(O)-acetone in a narrow temperature range near 180K, while 
η1(O)-acetone is formed on the surface between 120 – 260K. The formation of 
propane-2,2-diyldioxy appears to be thermally activated but it is not as thermally 
stable as η1(O)-acetone. 
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         The fact that propane-2,2-diyldioxy can be formed only on Ni(111)-0.1ML-O but 
not on Ni(111)-p(2×2)-O could be due to site blocking, as the atomic radii of Ni atoms 
is about 20% less than that of Ag,24 making the surface less accessible for the required 
η1(O,O)-bonding configuration at the higher O coverages. Alternatively, this could be 
explained by considering the coverage-dependent behavior of adsorbed O on Ni(111). 
The adsorption of O on Ni(111) has been studied previously using various 
experimental methods.25,26 In a single-crystal adsorption calorimetry study of O 
chemisorption on Ni(111),26  it was revealed that the initial heat of adsorption is 
relatively low, and it increases with O exposure until the O coverage reaches 
~0.25ML, which corresponds to a p(2×2) structure, before starting to decrease. This 
implies that the adsorbed O at 0.10ML coverage is actually less strongly bound than 
that at 0.25ML coverage and is therefore expected to be more nucleophilic.  
        The fate of propane-2,2-diyldioxy on this surface is somewhat different from that 
of ethane-1,1-dioxy.  It may break one of its C-O bonds and convert back to η1(O)-
acetone upon heating, whereas the latter preferentially undergoes C-H bond scission to 
produce surface bound acetate. At elevated temperatures, however, C-Me bond 
scission of the propane-2,2-diyldioxy intermediate may also occur and results in the 
formation of surface bound acetate. The abstracted methyl group may be further 
oxidized into CO, as is generally observed for CH3 oxidation on transition metals.27 On 
Ni(111)-p(2×2)-O, relatively less acetate is produced and no CO is observed, 
presumably because the propane-2,2-diyldioxy intermediate is not as easily generated 
on this surface; and the CO species, albeit it may have also been produced, desorbs 
readily from this O-covered surface below 340K.28 
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 4.3.3 Identification of Acetone Enolate 
        The production of acetone enolate species on Ni(111) is evidenced by the set of 
bands observed at 1550, 1364 and 1246 cm-1 (Figure 4.3c). The existence of surface-
bound acetone enolate has been previously postulated on the basis of infrared 
spectroscopic studies of acetone adsorption on various metal oxide catalysts. 
Absorption bands reported at 1550, 1558, 1540, and 1543-1595 cm-1 have been 
assigned to ν(CO) of acetone enolate on MgO,29 NiO,29 Fe2O3,30 and Al2O3,31-33 
respectively. Organometallic complexes containing η1(O)-acetone enolate ligands are 
also known, with characteristic ν(CO) frequencies observed for Ru(PMe3)4(H)(µ-(O)-
acetone enolate)34 and Ru(PMe3)4(Me)(µ-(O)-acetone enolate)34 at 1579 and 1583   
cm-1, respectively. Calculations utilizing the perturbative Becke-Perdew density 
functional method have also been performed by our group and the predicted 
vibrational spectrum of the energy-minimized Ni(CO)3((µ-(O)-acetone enolate)) 
complex gives rise a pair of ν(CC) and ν(CO) bands at ~1260 and ~1550 cm-1 that 
remain essentially invariant on deuteration, which are in perfect agreement with our 
observation (Table 4.4).18  
        We can rule out the presence of other surface species, notably the η1(O)- and 
η2(C,O)-configurations. The ν(CO) band of η1(O)-acetone is observed at 1655 and 
1682 cm-1, respectively, on clean and O-precovered Ni(111). This vibrational mode 
has also been detected at 1638, 1670, 1665, and 1690 cm-1 on Pt(111),16 Pd(111),7 
Rh(111),11 and Ru(001),15 respectively. The ν(CO) frequency of η2(C,O)-acetone is 
less well defined. Calculations show that it is expected at 1191 cm-1,18 which is 
consistent with that observed for complexes such Ta(C5Me5)Me2(η2(C,O)-acetone) 
(1200 cm-1)35 and W(η2(C,O)-acetone)2Cl2(PMePh2)2 (1230 cm-1).36 However, higher 
ν(CO) frequencies have been reported for the complex [Os(NH3)5(η2(C,O)-acetone)]2+ 
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 (1330 cm-1),37 as well as for η2(C,O)-acetone species adsorbed on Pd(111) (1435     
cm-1),7 Rh(111) (1380 cm-1)11 and Ru(001) (1300 cm-1).15 
        The assignment of the 1353 cm-1 band to δs(CH3) is preferred over δs(CH2) of the 
adsorbed acetone enolate species as it has a larger perpendicular surface dynamic 
dipole moment and would thus possess a stronger infrared absorption cross-section, 
according to the metal-surface selection, and be the more likely mode to be detected. 
The δs(CD3) band is not detected as it lies below the spectral noise level given the 
weakness of all the absorption bands.   
        The formation of the acetone enolate species is proposed to be brought about by 
abstraction of the hydroxyl proton of the enol tautomer either by Ni or basic O atoms, 
which are consistent with the known abilities of Ni38,39 and O40,41 to activate C-C, C-H, 
and O-H bond scission. This process is expected to be facile as acetone enol (pKa 
=11)42 is more acidic than methanol (pKa=15),43 which readily deprotonates on both 
clean and preoxidized Ni(111) surfaces.44  
        It is most likely that the acetone enolate is formed from direct reaction of the 
gaseous acetone enol tautomer with surface Ni or O atoms. This species cannot be 
produced by heating adsorbed η1(O)-acetone, which would simply desorb without 
reaction. It also requires very large doses (>1L) of acetone to produce substantial 
acetone enolate coverages. It is somewhat unexpected that acetone enolate cannot be 
produced on Ni(111)-p(2×2)-O at 260K or lower as on clean Ni(111), since surface O 
is expected to be more conducive to deprotonate the enol tautomer as compared to Ni. 
It could be that the deprotonation of the hydroxyl proton is too facile a process that it 
makes no difference whether the surface is clean or O precovered. Additionally, as the 
keto tautomer is the predominant species in the gas phase mixture, formation of η1(O)-
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1. On Ni(111)-p(2×2)-O, monolayer acetone adsorbs on the surface exclusively in 
an η1(O)-configuration and possess a Cs symmetry at temperatures below 
260K. Dosing at 340K leads to the production of acetate and acetone enolate, 
with the latter being stable on the surface up to 380K. 
2. On Ni(111)-0.10ML-O, η1(O)-acetone is also formed at temperatures below 
260K. An η1(O,O)-propane-2,2-diyldioxy species is formed at 180K and 
coexists with the η1(O)-acetone. Dosing at 340K on this surface also produces 
acetate and acetone enolate, together with some CO. 
3. Higher exposures of acetone at 120K on both preoxidized surfaces result in the 
formation of acetone multilayers, which show some orientational preference in 
the packing structure as it grows thicker. 
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(a) CH3COCH3-Ni(111)-0.1ML-O/0.02L  
(b) CH3COCH3-Ni(111)-0.1ML-O/0.42L  
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e 4.3 RAIR spectra of Ni(111)-p(2×2)-O dosed with saturation exposures of 


































e 4.4 RAIR spectra of Ni(111)-p(2×2)-O dosed with saturation exposures of 
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re 4.5 RAIR spectra of Ni(111)-0.1ML-O dosed with saturation exposures of 
one at (a) 180K, (b) 260K and (c) 340K.  
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(e) Acetone orientation in the upper multilayer 
 
Figure 4.7 Bonding configurations of η1(O)-acetone on Ni(111) and packing 






















       
νas (CH3) 3019 2960 3005 2943  3003 
 2972      
νs (CH3) 2922     2924 
       
ν (C=O) 1731 1670 1640 1695 1678 1718 
    1669   
       
δas (CH3) 1430 1425 1426 1437 1423 1442 
 1408     1420 
       
δs (CH3) 1364 1360 1355 1368 1364 1372 
 1355      
       
νas (CCC) 1216 1245 1228 1236 1237 1238, 1231 
       
 1091 1065  1091  1095 
ρ (CH3) 1066 950    901 
 891      
       
νs (CCC) 787      
       
 
 


















       
νas (CD3) 2264,2226 2260 2230 2210-2240  2255 
       
νs (CD3) 2109   2070-2090   
       
ν (C=O) 1732 1695 1626 1665-1675 1671 1732,1707 
 
       
δas (CD3) 1031, 1004 1065 1040, 992 1030-1045 1027 1031 
       
δs (CD3) 1088,1035     960 
       
νas (CCC) 1242 1300 1275 1260 1268 1269,1262 
       
ρ (CD3) 887  850   897 
       
νs (CCC) 689      
       
 
a from reference 19, b from reference 7, c from reference 16, d from reference 10, e this 
work, f from reference 15.  
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a from reference 5, b from reference 6, c this work. 
 
 




















       
ν(CC) +ν(CO) 1550 1544 1574 1542 1530 1533 
       
δas(CH3)/ δas(CD3)   1407,1390   1011,999 
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ν(CC)   822   694 
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 Chapter 5 Adsorption and Reactions of Acetylacetone on  
Clean and Preoxidized Ni(111) 
 
5.1 Introduction 
        Metal β-diketonates are promising chemical vapor deposition (CVD) precursors 
which possess a number of important technological advantages.1 They are 
commercially available, soluble as well as volatile, and can undergo ligand substitution 
under mild conditions. As such, there have been extensive studies in recent years using 
them as precursors for depositing metal2-19 and metal oxide20 thin films, which are 
widely utilized in microelectronic chips, in the manufacturing of ferrites and miniature 
batteries, as well as in the controlled preparation of heterogeneous catalysts.21 On the 
other hand, there has also been some interest in the use of the corresponding β-
diketones as metal etchants in wafer cleaning and metal patterning.22,23 
        Acetylacetone (acacH) represents the simplest β-diketone. Its coordination 
complexes with metals are generally not as stable and volatile as those of its 
fluorinated counterparts, and have received less attention in surface science studies. 
Studies of the CVD processes utilizing acetylacetonates (acac) have been so far limited 
mainly to silica and alumina supports in an effort to understand the interaction 
mechanism, structure and reactivity of the supported metal complexes.21 There have 
been a number of studies of the adsorption and reactions of Ni(acac)2 with silica and 
alumina supports,24-26 where the bonding and evolution of surface species have been 
characterized by infrared spectroscopy and chemical analysis. A UHV study of the 
adsorption and reactions of Cu(acac)2 on single crystal Cu surfaces has also been 
reported.27 
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         The interaction of acacH itself with metal surfaces has been studied using 
temperature programmed desorption spectroscopy (TPD).28-33 The use of acacH and 
two of its fluorinated derivatives, hexafluoroacetylacetone (hfacH) and 
trifluoroacetylacetone (tfacH), to etch Ni and Cu under UHV conditions was explored.  
The findings show that preoxidation of the metal is pivotal for etching to be achieved, 
whereas on clean surfaces, decomposition of the ligands is prevalent. A variety of 
ketones, aldehydes and alcohols have been observed as products of the decomposition 
processes. 
        Because of the high instrumental resolution and the known fingerprinting ability 
of RAIRS, we have used this technique to re-examine the adsorption and reactions of 
acacH on clean and O-modified Ni(111) at various temperatures. A number of the 
decomposition intermediates have been unambiguously identified and a clearer picture 
of the etching and decomposition pathways has emerged.  
 
5.2 Results  
5.2.1 Adsorption of AcacH on Clean Ni(111) 
 
         Figure 5.1 presents the RAIR spectra of clean Ni(111) dosed with increasing 
exposures of acacH at 120K. At exposures of 0.12L and above, physisorbed acacH 
multilayers are formed as demonstrated by the vibrational bands observed at 2924, 
1657, 1458, 1426, 1357, 1300, 1253, 1173, 1021, and 916 cm-1 (Figures 5.1b and c). 
These bands are in good agreement with those reported in literature for acacH in the 
liquid34 and gas phases35 where the enol form is the predominant species. A detailed 
assignment of the observed bands is listed in Table 5.1. The absorption bands of the 
spectrum in the monolayer regime (Figure 5.1a) are weaker, but are qualitatively 
similar to those of the multilayer spectra and can be attributed to a π-bonded acacH 
species in the enol form (Scheme 5.1E).  
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         Figure 5.2 shows the RAIR spectra of Ni (111) dosed with a saturation exposure 
of acacH as a function of adsorption temperature. The 180K spectrum (Fig. 5.2b) 
shows some shifts in frequencies when compared with that of the molecularly 
chemisorbed acacH at 120K, with the ν(C=O) + ν(C=C) band at 1660 cm-1 in 
particular being replaced by a broad feature at ~1559 cm-1. A comparison of this 
spectrum with the infrared spectrum of crystalline Ni(acac)2,36 and those of Cu(acac)2, 
Fe(acac)3 and Cr(acac)337 allows us to assign it to an adsorbed acac ligand (Scheme 
5.1A), implying that deprotonation of acacH has occurred at this temperature. Dosing 
at 240K results in dramatic changes of the spectrum (Figure 5.2c), with the appearance 
of a set of new bands at 1425, 1360, and 1254 cm-1. This same set of bands has also 
been produced from the adsorption and reaction of acetone on O-modified Ni(111) 
surfaces (see Chapter 4). The bands at 1254 and 1360 cm-1 can be attributed to the 
mixed vibrational modes of the CC stretch ν(CC) and the symmetric CH3 deformation 
δs(CH3), respectively, of surface-bound acetone enolate species, while the band at 
1425 cm-1 is assigned to the asymmetric CH3 deformation δas(CH3) of the same 
species.38 There is possibly another infrared-inactive acetyl fragment present on this 
surface resulting from the cleavage of the acacH molecule. At 310K, the band 1425 
cm-1 diminishes and a broad feature near 1808 cm-1 is observed, indicating the 
production of CO, possibly formed from decomposition of the acetyl fragment. 
Meanwhile, the CO stretch ν(CO) of the acetone enolate can be clearly observed at 
1548 cm-1, and the relative intensity of ν(CC) at 1254 cm-1 to that of δs(CH3) at 1360 




 5.2.2 Adsorption of AcacH on Ni(111)-p(2×2)-O 
        The RAIR spectra of Ni(111)-p(2×2)-O dosed with increasing exposures of acacH 
at 120K are presented in Figure 5.3. The monolayer spectrum (Figure 5.3a) appears to 
have much stronger absorption features than on clean Ni(111). Vibrational modes are 
observed at 1672, 1612, 1531, 1429, 1419, 1349, 1297, 1134, and 1021 cm-1. These 
frequencies are in good agreement with the infrared spectra of crystalline Ni(acac)2 
collected in our facility (Figure 5.7) as well as those reported in literature.36 A 
comparison and detailed assignment of these bands are listed in Table 5.2. The strong 
absorption bands of the in-plane vibrational mode ν(C=O) + ν(C=C) at 1531 cm-1 
indicates that the acac ligand is adsorbed with its molecular plane essentially 
perpendicular to the surface, bonded through its C=O groups. A similar standing-up 
acac species has also been observed on Cu(110).27 The spectra at higher exposures 
(above 0.08L) demonstrate the overlap of the absorption bands of the physisorbed 
acacH multilayers and those of the deprotonated monolayer acac species. 
        The RAIR spectra of Ni(111)-p(2×2)-O dosed with a saturation exposure of 
acacH as a function of adsorption temperature are shown in Figure 5.4. At 180 and 
240K, the spectra are essentially similar to that at 120K. The acac ligand remains intact 
and adsorbs in the standing up conformation and further decomposition is not 
occurring. As the temperature increases to 280-310K, a band near 1260 cm-1 gradually 
grows in, while all the absorption bands of the acac ligand still remain but are of lower 
intensity. Some sort of surface reaction is occurring at these temperatures, and very 
likely involves the production of surface-bound acetone enolate. The 1260 cm-1 band 
can be attributed to the mixed ν(CC) mode of the adsorbed acetone enolate,38 and the 
other features such as δs(CH3) and ν(CO) of this species are probably hidden within 
the coadsorbed acac absorption bands. Dosing at 380K results in the complete 
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 decomposition of acacH. The spectrum becomes much less complicated and features 
only a strong peak at 1430 cm-1 and a small broad band at 1786 cm-1 (Figure 5.4f), with 
the former originating from surface bound bidentate acetate and the latter from 
adsorbed CO.  
 
5.2.3 Adsorption of AcacH on Ni(111)-0.1ML-O 
        Figure 5.5 presents the RAIR spectra of Ni(111)-0.1ML-O dosed with increasing 
exposures of acacH at 120K, and the RAIR spectra of the same surface dosed with a 
saturation exposure of acacH as a function of adsorption temperature are shown in 
Figure 5.6. At 120K, the spectra are essentially the same as the corresponding spectra 
on Ni(111)-p(2×2)-O, with the monolayer features due to the standing up acac ligand 
and the multilayer that of the enol form acacH. At 180K, the spectrum is still 
characteristic of the adsorbed intact acac ligand, only that the intensity of the 
associated absorption bands has become smaller. Annealing the surface to 240 K 
results in the appearance of a band at 1257 cm-1, the disappearance of the band 1623 
cm-1 and the shrinking of the bands at ~1527 and ~1020 cm-1, signifying the start of 
decomposition of the acac ligand and the production of acetone enolate. Further 
heating to 260K leads to nearly complete dissociation of acac as demonstrated by the 
disappearance of the peak at 1020 cm-1 and the diminishing of the peak at ~1530 cm-1 
(Figure 5.6d). The resulting spectrum is nearly the same as that obtained on clean 
Ni(111) at 240K (Figure 5.2c) and we also attribute them to the adsorbed acetone 
enolate. Dosing at 310K results in a relatively large band at 1428 cm-1, which is 
assigned to the symmetric OCO stretching νs(OCO) of bidentate acetate. Dosing at 
380K results in the disappearance of the enolate features, leaving only bands due to 
acetate at 1428 cm-1 and adsorbed CO at 1792 cm-1.  
92 
 5.3 Discussion 
5.3.1 Coordination Modes of Adsorbed AcacH on Ni(111)  
        AcacH is a versatile coordination ligand and can coordinate with metal centers in 
a variety of ways (Scheme 5.1A-E).39-46 Among these structures, the O bonded 
bidentate acac (Scheme 5.1A) is the most common type. The nature of the metal ligand 
bond in these coordination complexes has been the subject of many investigations and 
vibrational spectra have been important sources of information about this problem.37 
The metal-ligand stretching vibrations are expected to appear in the far-infrared region 
and not generally accessible, however, indirect information can be obtained from the 
spectra in the mid-infrared region regarding the nature of the metal-ligand bond. The 
ν(C=O) and ν(C=C) modes of free acacH in the enol form overlap and are observed at 
~1623 cm-1; whereas in the keto form, the ν(C=O) vibrations are observed at ~1730 
cm-1.35 In the bidentate ring (Scheme 5.1A) and the γ-carbon (Scheme 5.1C) 
coordinated configurations, the ν(C=C) and ν(C=O) stretching modes are separated 
and observed in the region 1650-1500 cm-1, and the values of these frequencies are 
sensitive to the central metal ion.36,37 In the complexes containing acacH as a neutral 
ligand (Scheme 5.1B, 5.1D and 5.1E), the frequencies of these vibrational modes 
closely resemble those of the free ketonic44,47 or enolic form of acacH.48 For example, 
CoBr2(acacH)3 47 and Ni(acacH)3(ClO4)244 show strong ν(C=O) bands at 1705 and 
1700 cm-1, respectively. 
        The interaction between the chemisorbed acacH and Ni surfaces is expected to be 
similar to those found in these coordination complexes. At low temperatures (120K), 
the RAIR spectra on O precovered Ni(111) provide clear evidence of the formation of 
the acac species  that is bonded on the surface in a standing-up configuration. There 
are close similarities between the RAIR spectra and the infrared spectrum of 
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 crystalline Ni(acac)2. There is a nearly one to one correspondence of all the absorption 
band frequencies, which differ only in their relative intensities. This is not unexpected 
though, as on metal surfaces, the modes that have an associated dynamic dipole 
moment parallel to the surface will be screened out based on metal-surface selection 
rule,49 and only those with dynamic dipole moments perpendicular to the surface will 
be observed. The acac ligand is of planar structure and the in-plane ν(C=O) + ν(C=C) 
mode (1531 cm-1) involves perpendicular motion for a standing-up acac species, but 
not for a lying-down species, and their observation is thus a strong argument for the 
former geometry.  
        On clean Ni(111), however, there is no sign of the formation of the deprotonated 
acac at low temperatures, and the monolayer spectrum bears close similarity to those 
of the physisorbed layers. The characteristic ν(C=O) + ν(C=C) stretch is observed at 
1660 cm-1, nearly the same as that of the free enolic acacH but differing significantly 
from that of the ketonic bonded ligand.44,47 Drawing analogies from its coordination 
configuration with metal centers in organometallic compounds,39 it may be inferred 
that the acacH is π-bonded on the surface with the intramolecular H bond retained 
(Scheme 5.1E).  
 
5.3.2 Decomposition Mechanism of Adsorbed AcacH on Ni(111) 
        Decomposition of adsorbed acacH is observed at higher temperatures on both 
clean and O precovered Ni(111). On clean Ni(111), it starts at ~240K, and on Ni(111)-
p(2×2)-O, it starts between 280~310K, about 60K higher than that on the clean 
surface. Previous TPD studies suggest that the decomposition on clean Ni(110) is via 
β-bond scission of the C-CH3 bond based on the observation of a desorbed 
CH3COCH2CHO fragment.30 However, our results show that on both clean and O 
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 precovered Ni(111), the decomposition is through β-bond scission of the C-CH/C-CH2 
bond. Scission of the C-CH2 bond breaks the acacH molecule into two fragments: 
acetone enolate and acetyl. The acetyl may further decompose on the clean surface to 
give CO, or pick up an O atom on the preoxidized surface to form acetate. 
        The overall mechanisms for the reactions of acacH with Ni(111) surfaces is 
summarized and depicted in Figures 5.8-5.10. On clean Ni(111) (Figure 5.8), acacH 
adsorbs in the molecular enolic form at 120K. It deprotonates at above 180K, leaving 
on the surface the standing-up acac ligand. Heating the surface to 240K results in the 
cleavage of C-CH bond and the production of surface bound acetone enolate and 
acetyl. At 310K, the acetyl further decomposes and produces surface bound CO, 
whereas the acetone enolate remains stable at this temperature.  
       On Ni(111)-p(2×2)-O (Figure 5.9), the cleavage of acac-H bond starts at 120K and 
the resulting standing-up acac ligand remains stable on this surface until ~280K, upon 
which scission of C-CH bond occurs. The acetate formed on this surface is stable up to 
380K; however, the acetone enolate is not as much stabilized by the coadsorbed 
surface O atoms and decomposes completely by 380K. Previous TPD results show that 
etching of Ni can be achieved under net oxidization conditions. The desorption of 
Ni(acac)2 occurred at 280K while decomposition products such as acetone, acetyl, and 
CO were observed at elevated temperatures,30 consistent with our RAIR spectra.   
        The reaction mechanism on Ni(111)-0.1ML-O is somewhat in-between the 
previous two (Figure 5.10). Acac-H bond cleavage starts at 120K, and the C-CH bond 
scission and the production of acetone enolate and acetate starts at 240K. The acetate 




 5.4 Conclusions 
        AcacH adsorbs molecularly on the clean Ni(111) surface at 120K. Decomposition 
on this surface begins to occur at below 240K through β-scission of C-CH/C-CH2 and 
produces surface bound acetone enolate. It further decomposes at higher temperatures 
(310K) and produces surface bound CO. On O-precovered Ni(111) surfaces, acacH 
deprotonates at 120K and the monolayer acac ligand adsorbs with its molecular plane 
perpendicular to the surface. This species is stable on Ni(111)-p(2×2)-O up to 280K 
but decomposes at 260K on Ni(111)-0.1ML-O. Similar decomposition products 
(acetone enolate and CO) as on the clean surface are observed upon further increasing 
the temperature of the substrate, with the additional production of surface bound 
acetate that is stable up to 380K. 
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(a) acacH-Ni(111)/120K/0.04L  
(b) acacH-Ni(111)/180K/0.1L 
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Figure 5.3 RAIR spectra of acacH adsorbed on Ni(111)-p(2×2)-O at 120K as a 











































































































































































Figure 5.5 RAIR spectra of acacH adsorbed on Ni(111)-0.1ML-O at 120K as a 











































































Figure 5.6 RAIR spectra of Ni (111)-0.1ML-O exposed to acacH as a function of 
adsorption temperature. 
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Figure 5.7 RAIR spectrum of acac on Ni(111)-p(2×2)-O and infrared spectrum of 
crystalline Ni(acac)2 (not to the scale). 
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F  igure 5.9 Reaction scheme of acacH on Ni(111)-p(2×2)-O.106 





































O O.10 Reaction scheme of acacH on Ni(111)-0.1ML-O. 
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 Table 5.1 Vibrational Frequencies and Mode Assignments for AcacH 
 
AcacH  Monolayer  Multilayer   






    
ν(CH3), ν(CH) 3020, 2960 2882 2924 
ν(OH) 2750   
    
ν(C=O) + ν (C=C) 1623 1660 1657 
    
δ(O─H---O) 1460  1458 
δa(CH3) 1432 1423 1426 
1358 δs(CH3) 1368 1363 1321 
    
ν(CC) + ν(C=C) 1250  1252 
δ(CH) 1170  1173 
ρ(CH3) 995 1022 1020 
π(OH) 948  956 
ν(C─CH3) 908 863 916 
 810   
 764   
 
a from reference 35, b this work. 
  
 
Table 5.2 Vibrational Frequencies and Mode Assignments for Ni(acac)2 and Acac 
 
Ni(acac)2  Ni(acac)2  acac   
Mode Assignment (cm-1)a (cm-1)b Ni (111)-p(2×2)-O (cm-1)c
    
 1655 1652 1672 
ν(C=O) +ν(C=C) 1613 1605 1612 
 1521 1518 1531 
    
δa(CH3) 1465, 1402 1461, 1407 1429, 1419 
δs(CH3) - 1360 1349 
ν(C─C) + ν(C─CH3) 1264 1260 1297 
    
δ (C─H) ip 1202 1197 1134 
ρ (CH3) 1022 1019 1021 
ν (C=O) + ν (CCH3) 935 928  
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 Chapter 6 Adsorption and Reactions of Hexafluoroacetylacetone and 
Trifluoroacetylacetone on Clean and Preoxidized Ni(111) 
 
6.1 Introduction 
        Chemical vapor deposition (CVD) for thin layer growth requires a precursor that 
is sufficiently volatile to vaporize at relatively low temperatures. Inorganic and dipolar 
molecules tend to be involatile because they must overcome their strong 
intermolecular electrostatic forces in order to vaporize. So when considering CVD 
precursors, covalently bonded, non-dipolar molecules are generally sought.1 
        Hexafluoroacetylacetonate (hfac) is by far the most widely utilized β-diketonate 
ligand in the organometallic precursors used for CVD of metal thin films. The 
introduction of the CF3 groups into this molecule has several effects in varying the 
physical and chemical properties of the resulting organometallic complexes. Firstly,  
C-F bonds are very stable and extremely polar. This high bond polarity means that CF3 
groups often behave as self-repelling electron rich balls; and within the molecule, the 
CF3 group pulls negative charge towards itself. The positive charge left on the rest of 
the molecule, however, is spread out among the entire molecule and extremely small in 
relation to the concentrated negative charge on the CF3 group. The whole molecule 
therefore has no dipole, and has an increased volatility.2 The second effect of the 
introduction of the CF3 groups is to increase the stability of the complexes. CF3 groups 
are strong electron withdrawing groups and will decrease the electron density on the 
electron rich metal (M) and strengthen the metal-ligand (M-L) bond. For (COD)Cu(β-
diketonate) (where COD is 1,5-cyclooctadiene), the stability of the complexes (by 
consequence of the strength of the Cu-L bond) increases with the number of CF3 
groups present in the structure.1 The presence of this group in a precursor also has little 
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 or no adverse effect on the CVD processes, unless the substrate temperature is so high 
that the C-F bonds are broken, at which point F atoms may become a major 
contaminant of the thin films.  
        There have been extensive studies of the surface chemistry of 
hexafluoroacetylacetone (hfacH) and hfac containing organometallic precursors on 
various substrate surfaces such as Pt(111),3 Cu(100),4,5 Cu(111),4,6-8 SiO2,9,10 TiN,11 
Cu(210),12 Ni(110),13 Fe(111),14 CuO,15 Cu2O,15 and ZnO.16 In many cases, the 
production of adsorbed hfac ligands on the surfaces has been observed. Decomposition 
products such as CF3, CF2, CF3CO have also been suggested in some cases. 
        Trifluoroacetylacetonate (tfac) contains only one CF3 group and the polarity of 
this group cannot be balanced by the rest of the molecule. It is therefore less effective 
in increasing the volatility of the corresponding coordination complexes and deemed 
not as good a ligand for CVD precursors. It is interesting, though, to compare the 
surface chemistry of trifluoroacetylacetone (tfacH) with that of the non-fluorinated 
acacH and the fully-fluorinated hfacH to examine the exact effect of the F substitution 
on their surface reactions. In the literature, only two UHV studies of this molecule 
have been performed.17,18 The findings show that the decomposition of tfacH starts at a 
temperature higher than acacH but lower than hfacH. However, etching of Ni is 
achieved by tfacH at nearly the same temperature as by acacH but at a temperature 
much lower than hfacH, not quite in agreement with the predictions based on the 
volatility trend. 
        The surface reaction mechanisms of acacH on clean and O-modified Ni(111) have 
been described in the previous chapter. In this chapter, the surface chemistry of hfacH 




 6.2 Results 
6.2.1 Adsorption of HfacH on Ni(111) 
6.2.1.1 Adsorption of HfacH on Clean Ni(111) 
          Figure 6.1 shows the RAIR spectra of Ni(111) exposed to increasing doses of 
hfacH at 120K, and the RAIR spectra of Ni(111) dosed with a saturation exposure of 
hfacH as a function of adsorption temperature are shown in Figure 6.2.  At 120K, 
physisorbed multilayers of hfacH are formed at an exposure of 0.13L as demonstrated 
by the vibrational bands observed at 1701, 1634, 1446, 1363, 1309, 1287, 1235, 1181, 
1115, 1088, 1013, 916, 823, and 741 cm-1 (Figure 6.1d). These bands match well with 
the multilayer spectra of hfacH that have been published previously for physisorbed 
hfacH on Pt(111)3 and Cu(111)4, as well as with the infrared spectrum of gaseous 
hfacH.19 As pointed out by previous workers, the two modes ν(C=O) (at 1701 cm-1) 
and ν(C=C) (at 1634 cm-1) indicate that the multilayer hfacH exists exclusively as the 
enol tautomer.19,20 Mode assignments for the observed bands are listed and assigned in 
Table 6.1. The assignments for the bands in the CF3 stretching region are assisted by 
density function theory (DFT) calculations whose results are also listed in Table 6.1. 
        In the monolayer regime (Figure 6.1a), however, the spectrum is markedly 
different. Vibrational modes are observed at 1308, 1283, 1233, 1172, and 1010 cm-1, 
with the 1172 cm-1 band being the most intense one. The two in-plane vibrational 
modes, viz. ν(C=O) and ν(C=C) in the 1600~1700 cm-1 region are missing and the 
most intense mode at 1287 cm-1 which is present in the multilayer is strongly 
attenuated. A similar species which shows absorption features at 1281, 1184, and 1009 
cm-1 has also been observed on Pt(111)3 for low exposures of hfacH and Cu(hfac)2 at 
below 120K and has been assigned to a “lying-down” hfac intermediate (Scheme 
6.1A). The dominant mode observed at 1172 cm-1 can be attributed to the asymmetric 
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 CF3 stretch νas(CF3) and the bands at 1233 and 1283 cm-1 involve essentially the 
symmetric CF3 stretches νs(CF3). The band at 1308 cm-1 can be attributed to the     
ν(C-C) + ν(C-CF3) skeletal mode of this species (Table 6.2). 
        The 180K spectrum (Figure 6.2b) is essentially the same as the monolayer 
spectrum at 120K. From 180 to 240K, an additional weak band becomes apparent near 
~1213 cm-1. It gradually increases in intensity and becomes the dominant band as the 
substrate temperature is increased to above 350K (Figure 6.2f). A similar band has also 
been observed on Pt(111)3 and Cu(111)4 upon decomposition of the hfac ligand. We 
assign this band to a surface-bound CF2 group formed from C-CF3 bond scission (see 
later discussion for justification). The loss of one CF3 group leaves behind a surface 
fragment CF3COCHCO, which is probably responsible for the merging of the two 
bands at ~1300 cm-1. Since the in-plane ν(C=O) and ν(C=C) stretches in the 
1500~1700 cm-1 region are still absent, this species must still be adsorbed with its 
molecular plane parallel to the surface. Above 300K, further decomposition leaves 
only CF2 absorption bands visible at 1214, 860 and 737 cm-1. 
 
6.2.1.2 Adsorption of HfacH on Ni(111)-p(2×2)-O 
          The RAIR spectra of Ni(111)-p(2×2)-O dosed with a saturation exposure of 
hfacH as a function of adsorption temperature are shown in Figure 6.3. At 120K, the 
spectrum (Figure 6.3a) is markedly different from the corresponding one obtained on 
clean Ni(111). The in-plane ν(C=O) and ν(C=C) vibrational modes are clearly 
observed at 1642 and 1606 cm-1, and the most intense mode observed now is at 1234 
cm-1. This spectrum is very similar, in both frequencies and relative intensities, to that 
of an adsorbed “standing-up” hfac species (Scheme 6.2B) formed on Pt(111)3 and 
Cu(111)4 by adsorbing  hfacH or Cu(hfac)2. The RAIR spectrum also matches very 
115 
 well with the infrared spectrum of Ni(hfac)2 reported in literature21 and that measured 
in our laboratory (Figure 6.9.). A comparison of the observed frequencies and mode 
assignments is also listed in Table 6.2. 
        From 180 to 340K, the absorption features of the “standing-up” hfac gradually 
decrease but there is little change in their relative intensities. By 380K, all the 
absorption features associated with the hfac species disappear and are replaced by new 
features at 1221, 862, and 740 cm-1, consistent with that of the CF2 species left on the 
clean Ni(111) at this temperature.  
 
6.2.1.3 Adsorption of HfacH on Ni(111)-0.1ML-O 
          Figure 6.4 shows the RAIR spectra of Ni(111)-0.1ML-O dosed with a saturation 
exposure of hfacH as a function of adsorption temperature. The O coverage on this 
surface is intermediate between that on clean and p(2×2)-O covered Ni(111). 
Interestingly, the spectra obtained on this surface at temperatures between 120 and 
300K prove to be an overlap of the corresponding spectra on clean Ni(111) and 
Ni(111)-p(2×2)-O. At 120K, the modes characteristic of the standing-up hfac species 
are observed at 1637, 1608 and 1236 cm-1, and the modes associated with the lying-
down hfac species are observed at 1319, 1287, 1159 and 1019 cm-1. For the lying-
down hfac species, however, the relative intensities of the νas(CF3) band (at 1159 cm-1) 
to that of the νs(CF3) band (at 1287 cm-1) is much smaller than that on clean Ni(111), 
indicating a tilting away of the molecular plane from the surface. The standing-up hfac 
species is less stable on this surface than on the Ni(111)-p(2×2)-O. The ν(C=O) and 
ν(C=C) modes in the 1600~1700 cm-1 region disappear by 300K, and the νs(CF3) 
mode at 1233 cm-1 associated with this standing up hfac species also decreases 
significantly in intensity and shrinks into a shoulder of the CF2 band at 1216 cm-1, 
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 which first appears at 240K. The rest of the bands observed at 300K match very well 
with the corresponding spectrum on clean Ni(111) shown earlier and may be attributed 
to decomposition fragments like CF3COCHCO. At 340K and above, these bands also 
disappear and are replaced by the same set of CF2 bands dominated by the ~1220 cm-1 
peak as observed on clean Ni(111) and Ni(111)-p(2×2)-O. 
 
6.2.2 Adsorption of TfacH on Ni(111) 
6.2.2.1 Adsorption of TfacH on Clean Ni(111) 
          The RAIR spectra of Ni (111) exposed to increasing doses of tfacH at 120K are 
presented in Figure 6.5, and the RAIR spectra of Ni(111) dosed with a saturation 
exposure of tfacH as a function of adsorption temperature are presented in Figure 6.6. 
At 120K, the formation of physisorbed multilayer tfacH is demonstrated by the 
vibrational bands observed at 1699, 1649, 1612, 1474, 1424, 1367, 1312, 1270, 1221, 
1162, 1116, 1013, 863 and 731 cm-1 (Figure 6.5d). These vibrational frequencies are in 
agreement with the infrared spectrum of matrix-isolated tfacH22 and the assignments 
aided by DFT calculations are summarized in Table 6.3. The two peaks at 1699 and 
1649 cm-1 are attributed to the ν(C=O) modes of the C=O double bonds adjacent to the 
CF3 and CH3 group, respectively.  
        In the monolayer regime (Figure 6.5a), vibrational modes at 1653, 1420, 1308, 
1250, 1138 and 1009 cm-1 are observed. These bands are a subset of the multilayer 
tfacH spectrum, and are assigned to a tilted tfacH species π-bonded to the surface. 
(Scheme 6.1C).  The corresponding mode assignments are listed in Table 6.3.  
        The spectrum obtained at 180K (Figure 6.6b) is similar to that at 120K. At 240K, 
the bands at ~1650, 1420, 1169 and ~1020 cm-1 which are previously observed 
disappear, while the bands at 1359, 1270, 1234, and 1152 cm-1 remain (Figure 6.6c). It 
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 is likely that deprotonation has occurred, leaving on the surface a flat-lying tfac species 
(Scheme 6.1D). Mode assignments for these bands are summarized in Table 6.4. 
Dosing at 280K causes the diminishing of these bands as well and the appearance of 
new bands at 1422 and 1181 cm-1. The 1422 cm-1 band can be attributed to adsorbed 
acetate and is stable on the surface up to 400K. The 1181 cm-1 band can be similarly 
attributed to the CF2 species as observed in the hfacH case. The myriad of other bands 
in the 1100-1300 cm-1 region can be attributed to some sort of C, O and F containing 
fragments from the decomposition of tfacH. The band at ~1181 cm-1 continues picking 
up intensity as the substrate temperature increases to 310K and above. Between 310 to 
350K, bands at ~1162 and ~1255 cm-1 further diminish and finally disappear, while 
adsorbed CO is also produced at this temperature range. By 400K, only the adsorbed 
CF2 species (peak at 1200 cm-1) is left on the surface together with some acetate (at 
1429 cm-1). The symmetric C-F stretch νs(CF2) of CF2 has shifted slightly higher from 
1181cm-1 to ~1200 cm-1 due to the increased dipole coupling associated with its 
increasing surface coverage. A small band at 1263 cm-1 which also appears as a 
shoulder in the hfacH case is observed at 400K and may be attributed to undissociated 
CF3 species, which are also seen to coexist with CF2 to some extent at elevated 
temperatures on Pt(111),23 Ni(111),24 and Ni(100)25 upon CF3I adsorption.  
 
6.2.2.2 Adsorption of TfacH on Ni(111)-p(2×2)-O 
        The RAIR spectra of Ni(111)-p(2×2)-O dosed with a saturation exposure of tfacH 
as a function of adsorption temperature are shown in Figure 6.7. At 120K, vibrational 
modes at 1672, 1565, 1353, 1318, 1237, 1207, 1157, 1089 ad 839 cm-1 are observed. 
These frequencies match very well with the infrared spectra of tfac containing 
organometallic compounds reported in literature26,27 and suggest that the tfacH has 
deprotonated and is adsorbed essentially in the standing up configuration (Scheme 
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 6.1E). The mode assignments are summarized in Table 6.4. Heating the substrate to 
180K and 240K causes little change of the spectra other than the increase of the 
relative intensities of the bands at 1235 and 1206 cm-1 to that of the band at 1317 cm-1. 
Above 310K, acetate and CF2 are produced on the surface as evidenced by the 
appearance of new absorption features at 1426 and ~1200 cm-1. Meanwhile, all the 
bands associated with the tfac species gradually diminish. By 380K, only adsorbed CF2 
and some acetate are left on the surface. No production of CO is observed on this 
surface. 
 
6.2.2.3 Adsorption of TfacH on Ni(111)-0.1ML-O 
          Figure 6.8 shows the RAIR spectra of Ni(111)-0.1ML-O dosed with a saturation 
exposure of tfacH as a function of adsorption temperature. Between 120 and 240K, a 
myriad of bands are observed in the 1000~1400 region. These bands are roughly an 
overlap of the corresponding spectra on clean Ni(111) and Ni(111)-p(2×2)-O. At 
120K, the vibrational modes observed at 1570, 1311, 1224, 1205 and 1090 cm-1 can be 
attributed to the standing-up tfac, and the modes observed at 1270 and 1142 cm-1 can 
be attributed to the flat-lying tfac. The relative intensities of the observed bands for the 
standing-up tfac species are quite different from that on Ni(111)-p(2×2)-O, where in 
the latter case, the band at ~1318 cm-1 predominates, but on 0.1ML-O precovered 
Ni(111), the band at ~1311 cm-1 is of even lower intensity than the 1224 cm-1 band. 
Some sort of reorientation of the up-right tfac may have occurred because of the 
coadsorbed flat-lying tfac species. These two species remain stable on the surface up to 
240K, above which decomposition occurs. By 300K, the absorption features in the 
1500-1600 cm-1 region can no longer be observed. The tfacH molecule has 
decomposed and surface bound acetate and CF2 are produced as evidenced by the new 
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 bands at 1428 and 1199 cm-1. Also present at this temperature range are the C-F 
stretching bands at 1254 and 1156 cm-1 which are probably from some other F 
containing intermediates. These two bands gradually decrease in intensity, however, 
and completely disappear by 380K. Acetate and CF2 remain the only species left on 
the surface at above 380K, as observed on both clean Ni(111) and Ni(111)-p(2×2)-O.  
 
6.3. Discussion 
6.3.1 Identification of Reaction Intermediates from HfacH and TfacH 
Decomposition on Ni(111) 
        The results presented in this work provide clear evidence for the formation of 
both the “standing-up” and the “lying-down” hfac species on Ni(111). The “lying-
down” species is produced on clean Ni(111) whereas the “standing-up” species is 
produced on Ni(111)-p(2×2)-O. This conclusion is based primarily on the presence or 
absence of the C=O and C=C stretching modes. In accordance with surface selection 
rule, only vibrational modes giving rise to a dynamic dipole moment perpendicular to 
the surface will yield infrared absorption, while those with dynamic dipoles parallel to 
the surface will not be observed.28 The vibrational modes of the hfac ligand can be 
classified according to whether their motions are in or out of the OCCCO plane. In-
plane motions include ν(C-H), ν(C=O), ν(C=C), and νs(CF3), while νas(CF3) and 
ρ(CF3) have both in-plane and out-of-plane components. If the OCCCO plane lies 
parallel to the surface, the in-plane modes will not be observed.  
        “Standing-up” hfac species has been observed on Pt(111)3 and Cu(111)4 
previously and our RAIR spectra of hfac on Ni(111)-p(2×2)-O are essentially the 
same. The most striking similarities in our spectra and those on Pt and Cu are ν(C=O) 
at ~1640 cm-1, ν(C=C) at ~1610 cm-1, and the very intense νs(CF3) band near 1234  
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 cm-1. On Cu(111), further evidence for the “standing-up” configuration has been 
provided by the observation of the C-H stretching mode ν(C-H) at 3136 cm-1. This 
mode, however, appears to be too weak to be observed in our case. 
        The evidence for the “lying-down” hfac species comes from the complete absence 
of ν(C=O) and ν(C=C) modes (which are expected in the 1600-1700 cm-1 region) in 
the monolayer hfac spectra on clean Ni (111) at 120 and 180K (Figures 6.2, a and b). It 
is very unlikely that the OCCCO skeletal bonds of the molecule would break at such 
low temperatures. We assign it to an hfac species instead of molecular hfacH because 
it is observed previously that deprotonation of hfacH can occur on Cu(111)4 at 125K. 
Given that this reaction occurs so easily on Cu at such a low temperature, it seems 
virtually certain that it will also take place at the same or higher temperatures on the 
much more reactive Ni surface. Thus we believe that OH bond cleavage of enolic 
hfacH has occurred between 120-180K. It should be noted that the mode assignments 
for this species given in Table 6.2 are only approximate, since coupling among various 
modes undoubtedly occurs to some degree in such a species. However, the observed 
frequencies at 1308, 1283, 1233, 1172, 1010 and 965 cm-1 have a nearly one to one 
correspondence to those of the “standing-up” hfac. Moreover, the mode that is most 
intense in the upright species (1234 cm-1) is the least intense for the lying-down 
species, while the most intense mode in the latter species (~1170 cm-1) is weak in the 
former. This is just what would be expected based on the surface dipole selection rule 
for a conversion from an upright to a lying-down geometry, regardless of the 
assignments for the individual modes.  
        A similar argument can be given to the assignment of the standing-up tfac on 
Ni(111)-p(2×2)-O. The tfacH and tfac species on clean Ni(111), however, deserves 
additional attention. The former is characterized by a single peak in the 1500-1700  
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 cm-1 region, which is significantly different from either the free tfacH or the tfac in 
organometallic complexes where a split of the ν(C=O) and ν(C=C) stretches in that 
region is observed due to the influence of the adjacent CF3 and CH3 groups. The 
presence of this ν(C=O) + ν(C=C) band, however, indicates the molecular plane of the 
adsorbed molecule is not parallel to the surface. The flat-lying tfac species is similarly 
characterized by the absence of the ν(C=O) and ν(C=C) bands in the 1600-1700 cm-1 
region and the change in relative intensities of the CF3 stretching modes compared to 
the standing up tfac species. 
        The TPD spectrum of hfacH on a clean Ni(110)17 shows that the breaking up of 
one of its CF3 groups may occur at around 285K and results in the desorption of 
CH2CH(CO)CF3. This is consistent with our RAIR spectra that show little change in 
the observed band frequencies up to 300K other than the appearance of a band at 
~1210 cm-1 which can be attributed adsorbed CF2 species. 
        We do not observe the production of ketenylidene groups (≡C−C≡O) (seen on 
Cu(111)),4 or trifluoroacetyl (seen on Cu foil and Cu(111)),6 or CO (seen on Pt(111))3 
upon the decomposition of hfacH. On the clean and the two different O precovered 
Ni(111) surfaces, we have however obtained the same final decomposition product 
which is characterized by the peaks at ~1210, ~860, and ~735 cm-1. Girolami et al.4 
have observed a similar RAIR spectrum (characterized by a peak at 1205 cm-1) 
between 375K and 600K and assigned it to a surface bound CF3 species. On Pt(111),3 
however, the dominant peak between 1200-1217 cm-1 observed at above 600K was 
assigned to an adsorbed CF2 species based on the comparison with a study of CF3I 
adsorption on Pt(111).23 The CF2 species identified in that study was formed as a result 
of the CF3I decomposition and was characterized by a single, intense C-F stretching 
peak near 1210 cm-1. In a study of CF3I adsorption on Ni(111),24 definitive evidence 
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 was also provided that the C-F bond was dissociating at temperatures at or below 
200K. However, the CF2 species produced there was characterized by a peak at 1051 
cm-1, and the CF3 stretching band was observed at 1078 cm-1. It is unclear, though, 
what effect the co-adsorbed iodine atoms have on the vibrational frequencies of the 
CFx groups, since the iodine did not desorb until the surface was heated to above 
950K.29 C-F bond scission on the more inert Cu(111) has also been recorded by 
Chiang et al.30 It was found in that study that the bond activation of CF3 was facile. 
The C-F bonds were cleaved by the Cu surface below 160K to produce CF2 species. 
Given that these reactions occur so easily on Cu surfaces at such low temperatures, it 
seems very likely that they will also take place at similar temperatures on the much 
more reactive Ni surface. In fact, the chemistry of CF3 groups on other metal single-
crystal surfaces such as Ni(100),25 Ru,31,32 and Pt,23,33 as demonstrated by the reactions 
of CF3I have also revealed that the C-F bonds can be easily ruptured. We therefore 
believe that the ~1210 cm-1 peak in our findings originates from surface bound CF2 
species, rather than from adsorbed CF3. This frequency is also in agreement with the 
infrared spectra of CF2 species in gas phase34 as well as in organometallic complexes35 
as summarized in Table 6.5. 
 
6.3.2 Surface Reaction Mechanisms of HfacH and TfacH on Ni(111) 
        Figure 6.10 summarizes the reactions of hfacH on clean and O-precovered 
Ni(111). On clean Ni(111), hfacH deprotonates readily and adsorbs in a lying-down 
configuration at below 180K. Between 240 and 280K, abstraction of the CF3 group, 
which further dissociates into adsorbed F and CF2 occurs. At 300K, further 
decomposition occurs to give smaller C, F and O containing intermediates such as 
CH2CHCOCF3 as observed on Ni(100).13 Above 350K, the molecule completely 
dissociates and the only infrared-active intermediate left on the surface is the adsorbed 
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 CF2 species. On Ni(111)-p(2×2)-O, hfacH deprotonates at 120K but the hfac ligands 
adsorb in a standing-up configuration. The standing-up hfac species is stable on this 
surface up to 340K, above which decomposition occurs to give surface bound CF2. 
The reaction of hfacH on Ni(111)-0.1ML-O is somewhat in-between those on clean 
Ni(111) and Ni(111)-p(2×2)-O. However, the standing-up hfac ligand formed on this 
surface is stable up to only 240K.  
        The overall mechanisms for the reactions of tfacH with Ni(111) surfaces are 
summarized in Figure 6.11. On clean Ni(111), tfacH adsorbs associatively between 
120 and 180K in a tilted configuration. At 240K, deprotonation occurs and the 
resulting tfac ligand adsorbs essentially in a lying-down configuration. Annealing to 
280K causes partial decomposition of the adsorbed tfac species and the production of 
surface bound acetate, CF2, and some C, O and F containing intermediates. Between 
310-350K, CO is also produced. On Ni(111)-p(2×2)-O, tfacH deprotonates readily at 
120K and adsorbs in a standing-up configuration. The standing-up tfac species is 
stable on this surface up to 310K. Partial decomposition occurs at 350K, with the 
production of surface bound acetate and CF2. On Ni(111)-0.1ML-O, standing-up and 
lying-down tfac species coexist between 120-240K. Between 300-350K, none of these 
species remain intact and surface bound acetate, CF2 and some larger F containing 
intermediates are produced. At 380K, the F containing intermediates further break up 
and produce more surface bound CF2. 
 
6.3.3 Comparison of the Surface Reactivity of AcacH, HfacH and TfacH  
        In the previous chapter, we have shown that the decomposition of acacH on 
Ni(111) occurs through β-bond C-CH or C-CH2 scission which results in the 
production of surface bound acetone enolate. For tfacH, the production of acetone 
124 
 enolate can only be achieved through the scission of the C-CH or C-CH2 bond 
adjoining the COCF3 group. This is not the case here as no acetone enolate is observed 
during the temperature ramp, but acetate resulting from the scission of the C-CH or C-
CH2 bond adjacent to the COCH3 group is produced instead. The decomposition 
temperatures for these three molecules are found to increase in the order acacH < tfacH 
< hfacH. AcacH fully decomposes at above 240K on clean Ni(111), whereas for tfacH 
and hfacH, significant decomposition only occurs at 280K and 300K respectively. 
Consistent with the previous TPD studies12,13,17,18,36,37, O precoverage also increases 
the stability of all three chelates on Ni(111) and is pivotal for etching to be effected 
before decomposition sets in. The higher the O coverage, the more stable the species 
appears to be on the surface. Again, decomposition temperatures on O precovered 
Ni(111) also increase in the order acacH, tfacH and hfacH. The relative stabilities of 
these β-diketones on Ni(111) is consistent with the strengthening of the bonds induced 
by F substitution. In CF3CH3, ab initio molecular orbital calculations show that the 
dissociation energy of the CF3-CH3 bond increases by as much as 59 kj⋅mol-1 
compared to CH3CH3 due to increased coulombic interactions.38 This effect of 
increasing electronegativity on bond strengths is expected to be significantly greater 
for acetyl derivatives like β-diketones than for methyl derivatives and the increased 
positive charge at the carbonyl C will in turn strengthen the adjoining C-CH(CH2) 
bond.39 The increased electronegativity induced by F substitution also increases the 
acidity of the molecules39 and may be the reason why acacH and tfacH can adsorb 
molecularly on clean Ni(111) whereas hfacH deprotonates readily. 
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 6.4 Conclusions 
       At 120K, hfacH deprotonates and binds to clean Ni(111) with its OCCCO plane 
parallel to the surface, while on O pre-covered Ni(111), the deprotonated hfac binds 
essentially in a standing-up configuration. TfacH adsorbs molecularly on clean 
Ni(111) but deprotonates on O-precovered Ni(111) at this temperature. The tfac 
species, however, adsorbs in both the “standing-up” and “lying-down” configurations. 
Physisorbed multilayers of hfacH and tfacH can be formed at 120K in all cases and 
desorb between 170-180K. Decomposition of hfacH and tfacH on clean Ni(111) 
begins at 240K, and significant dissociation occurs at 300 and 280K, respectively. On 
Ni(111)-p(2×2)-O, they remain intact up to 340K and 310K respectively. The final 
decomposition product left on both clean and O precovered Ni(111) are CF2 species 
which desorbs or decomposes finally at above 600K. 
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Scheme 6.1 Structures of the adsorbed hfacH((( (B3F





























































(a) hfacH-Ni(111)/0.01L  
(b) hfacH-Ni(111)/0.03L  
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(e) hfacH-Ni(111)-300K/0.08L  
(f) hfacH-Ni(111)-350K/0.08L  
(g) hfacH-Ni(111)-460K/0.08L  
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(a) tfacH-Ni(111)/0.04L  
(b) tfacH-Ni(111)/0.08L  
(c) tfacH-Ni(111)/0.12L  
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(b) tfacH-Ni(111)-180K/0.12L  
(c) tfacH-Ni(111)-240K/0.12L  
(d) tfacH-Ni(111)-280K/0.12L  
R
R∆  
(e) tfacH-Ni(111)-310K/0.12L  
(f) tfacH-Ni(111)-350K/0.12L  
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Figure 6.9 RAIR spectrum of standing-up hfac on Ni(111)-p(2×2)-O and infrared 
spectrum of crystalline Ni(hfac)2. (not to scale) 
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K(a) Reaction scheme of hfacH o
 
(b) Reaction scheme of hfacH on 
 







































(a) Reaction scheme of tfacH on clean Ni(111). 
 
(b) Reaction scheme of tfacH on Ni(111)-p(2×2)-O. 
 






































































Figure 6.11 Reaction schemes of tfacH on Ni(111). 
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ν(C=O) 1690 1619 1701 
ν(C=C)+δ(CH) 1636 1614 1634 
    
δ(O-H…O) 1448 1450 1446 
    
ν(C-C) + ν(C-O) 1368  1363 
    
ν(C-C) + ν(C-CF3) 1320 1317 1309 













    
δ(CH) 1108 1090 
1
1073 1013 
    
ρ(CF3) 855 736 916 
 740  823 
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 Table 6.2 Vibrational Frequencies and Mode Assignments for Hfac 
 
hfac in coordination 
complexes Lying-down hfac on surfaces Standing-up hfac on surfaces 






















          
ν(C=O) 1649         1645 1625 1642 1637 1642
ν(C=C) 1615         1611 1607 1618 1608 1606
          1556
ν(C=O) +δ(C-H) 1565 1536 
1562 
1536        1520
δ(C-H) 1468 1481 1466        1447 1419
ν(C-C) + ν(C-CF3) 1388 1350 1350        1308 1319 1332 1348 1317











          
νas(CF3) 1150         1144 1184 1172 1159 1147 1181 1159 1174
δ(C-H) ip  1098         1097 1009 1010 1019 1093 1098 1089
ν(C-CF3) +  
δ(C-H) oop  
807 
746        965 867 820
 
a ip and oop represent in-plane and out-of-plane, b from reference 21, c KBr disk, d from reference 3, e This work. f from reference 4.  
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 Table 6.3 Vibrational Frequencies and Mode Assignments for TfacH 
 
 










ν (C=O) 1729 1685 1623 1653 
1699 
1649 
ν (C=C) 1620 1599  1612 
δas (CH3) 1434 1465 1405 1420 
1474 
1424 
δs (CH3) 1367 1354 1367 1367 
νs(CF3) + ν(C-CH3) 1295 1322 1308 1312 












     
νa(CF3) + ν(C-CH3) 1085 1091   
     
ρ(CH3) 998 950 
1015 
979 1009 1013 
ν(C-CF3) 911 937  863 731 
 
a from reference 22, b DFT calculations, c this work. 
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 Table 6.4 Vibrational Frequencies and Mode Assignments for Tfac 
 
 





























δas (CH3) 1473 1445 1432  1416 
δs (CH3) - 1364 1366 1359 1353 
νs(CF3) + 
ν(CC) - 1303 1302  1317 







νas(CF3)  1158 1141 
1159 
1140 1152 1151 
ρ(CH3) - 1017 1015   
ν(C-CF3) - 953 867 
947 
868   
 
a from reference 22, b from reference 26, c from reference 27, d this work.  
 
 













       
νs(CF2) 1225 1083 1221 1200 1104 1051 
νas(CF2) 1114 980 - - 1032 - 
       
δ(CF2) 667 - 862 735 - - - 
 
a from reference 34,  b from reference 35, c this work, d from reference 23, e from 
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 Chapter 7 Adsorption and Reactions of 2,2-Dimethoxypropane and 
1,1-Dimethoxyethane on Clean and Preoxidized Ni(111) 
 
7.1 Introduction 
        Carbonyl compounds such as aldehydes and ketones are extremely versatile for 
organic synthesis, acting either as electrophiles (e.g. nucleophilic addition) or as 
nucleophiles (e.g. enol/enolate reactions).1 Because of this versatile reactivity, 
synthetic sequences involving polyfunctional molecules frequently require that 
aldehyde and/or ketone carbonyl groups be protected in order to stop undesirable side 
reactions.2-7 
        Acetals and ketals (e.g. 1,1-dimethoxyethane (DME) and 2,2-dimethoxypropane 
(DMP)) are the most useful protecting groups for carbonyl compounds. They can be 
prepared from aldehydes and ketones easily and will yield the original carbonyl groups 
on mild acidic hydrolysis. Most importantly, they are stable towards nucleophilic 
attack because that would involve the cleavage of the C-O or C-C bond around the 
central saturated C and the displacement of alkoxide or alkyl anions, which are, 
respectively, poor and extremely poor leaving groups in the absence of special 
stabilizing agents. In addition, the H atoms in acetals are of low acidity because there 
is no scope for delocalisation of the anion which would be formed. Ketals are thus 
completely stable to bases, and so are acetals, to all except extremely basic reagents 
such butyllithium, with which the acetal proton may be abstracted. Most non-acidic 
oxidizing conditions also leave them intact.1,2  
        In complete contrast to the high stability of acetals and ketals to bases, aqueous 
acid easily hydrolyses them by displacing the formation equilibria back to the carbonyl 
compounds from which they were derived.1 Indeed, the acid catalyzed hydrolysis of 
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 DMP has been utilized to determine trace amounts of water and to desiccate samples 
for infrared analysis.8-10  
        Apart from aqueous acids, ketals and acetals can also be cleaved by Lewis acids 
at varying rates depending on the metal. For example, Grignard and alkyl-Cu reagents 
will displace one of the O atoms of an acetal with the assistance of a Lewis acid like 
BF3.11-13 These reactions take place with difficulty, however, compared to other 
reactions of those reagents, such as addition to carbonyl groups. For chiral acetals such 
as those derived from ethylene glycol or 2,4-pentanediol, stereoselective C-O bond 
cleavage can be achieved and has found extensive use in asymmetric syntheses.14-16  
        There have been to date no surface chemistry studies of acetals or ketals on metal 
single crystal surfaces under UHV conditions. Limited studies carried out with 
transition metal as well as powdered catalysts have shown that the hydrogenolysis of 
acetals does not take place over most catalysts including Ni under normal 
hydrogenation conditions, even at high temperatures and pressures. About the only 
known reasonable hydrogenolytic cleavage of these compounds takes place over Rh at 
320-350K under 3-4 atmospheres of H2 in the presence of a trace amount of acid.17 
Finally, studies on the stereoelectronic effects in hydrolysis and hydrogenolysis of 
cyclic acetals and thioacetals in the presence of zeolites and sulphided catalysts have 
shown a favorable adsorption due to the orientation of their O or S lone pairs, leading 
to better electron transfer to protonic species.18 
       The objective of this work is to examine the adsorption and reactions of DMP and 
DME on clean and O-precovered Ni(111). It is expected that metal surfaces under 
suitable conditions may act as Lewis acids to deprotect these complexes and form the 
corresponding carbonyl compounds. Knowledge of the behavior of these 
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 representative acetals and ketals on metal surfaces may lead to potential applications in 
organic synthesis where heterogeneous catalysis is desired.  
  
7.2 Results 
7.2.1 Adsorption of DMP on Ni(111) 
7.2.1.1 Adsorption of DMP on Clean Ni(111) 
         Figure 7.1 shows the RAIR spectra of DMP dosed on clean Ni (111) at 120K as a 
function of exposure, and the RAIR spectra for Ni(111) exposed to a saturation dose of 
DMP as a function of adsorption temperature are shown in Figure 7.2.   
        When dosed with a low DMP exposure of 0.0025L at 120K, vibrational modes at 
3001, 1475, 1387, 1370, 1264, 1226, 1179, 1146, 1076, 954, and 816 cm-1 are 
observed (Figure 7.1a). Based on a comparison with the solid-phase infrared spectrum 
of DMP,19 all these bands can be assigned to the vibrational modes of the intact 
molecule (Table 7.1, assignments are made based on DFT calculations). With 
increasing exposures, physisorbed multilayers of DMP are formed and all the bands 
observed increase in intensity except for the band at 954 cm-1, which reaches a 
maximum at exposures of up to 0.02L, and then begins to shrink (Figure 7.1b). This 
band may be ascribed to the ν(CH3-O) mode of the chemisorbed DMP monolayer, 
which has somewhat shifted from its normal frequency in the free molecule due to 
bonding interactions with the surface. Heating the surface to 160K and above results in 
the loss of band intensities due to physisorbed multilayer DMP and clearly indicates its 
desorption. 
        Dosing at 240K yields a different RAIR spectrum (Figure 7.2b) with the 
appearance of a set of new bands at 2922, 2820 and 1011 cm-1. These bands may be 
assigned to a surface methoxy species based on a comparison with the vibrational 
spectra of methoxy on Ni(111) and other metal single crystal surfaces (Table 7.2).20-27 
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 The distinctive bands at 2922, 2820 and 1011 cm-1 are assigned to 2δa(CH3), νs(CH3), 
and ν(CO) of the surface bound methoxy species (Scheme 7.1C). The formation of 
adsorbed methoxy is most likely brought about by the fission of one of the C-O bonds 
around the central C atom.  
        It may be inferred that only partial decomposition of DMP occurs on clean 
Ni(111) at this temperature from the observation of the remaining bands at 3010, 1468, 
1382, 1357, 1229, 1048, and 871 cm-1. There are only minor shifts of these frequencies 
from those of the intact DMP molecule. These bands may be ascribed, respectively, to 
νas(CH3), δa(CH3),  δs(CH3), δs(CH3), νs(COC), νas(COC) and νs(CC) of the hemiketal 
fragment (Scheme 7.1E) formed from the loss of one methoxy fragment. The presence 
of methoxy vibrational modes at frequencies similar to those of the intact DMP 
molecule is evidence that at least one of the methoxy groups is still attached to the 
central C. The loss of one methoxy group does not cause significant changes to the 
overall electronic structure of the molecule. 
        Dosing at 300K yields another different spectrum (Figure 7.2c). New bands at 
1784 and 1255 cm-1 are observed while the bands previously ascribed to the hemiketal 
mostly disappear. This implies that the hemiketal fragment has either decomposed or 
desorbed at this temperature. There is reason to believe that the former takes place due 
to the emergence of a new band around 1255 cm-1 which cannot be ascribed to any of 
the known decomposition products of methoxy on surfaces. This band, together with 
the band 1450 cm-1, are tentatively assigned to νs(COC) of a methoxycarbyne species 
(Scheme 7.1D), whose presence will be discussed further in the next section. The band 
observed at 1784 cm-1 corresponds to the ν(CO) of chemisorbed CO on three-fold 
surface sites.28,29 The bands at 1355 and 1212 cm-1 can be attributed to the remnant 
hemiketal. On annealing to between 320-350K (Figures 7.2d and 7.2e), the bands 
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 associated with the methoxy species also disappear but the methoxycarbyne absorption 
features at 1454, ~1250 and 910 cm-1 can still be observed. More CO is produced at 
these temperatures, consistent with previous findings that methoxy decomposes on 
Ni(111) at above 320K to produce CO and H2.30 
 
7.2.1.2 Adsorption of DMP on Ni(111)-p(2×2)-O 
          The RAIR spectra of Ni(111)-p(2×2)-O exposed to a saturation dose of DMP as 
a function of adsorption temperature are shown in Figure 7.3. At 120K, the RAIR 
spectrum (Figure 7.3a) is essentially identical with that on clean Ni(111). Distinctive 
bands are observed at 3002, 1460, 1386, 1376, 1227, 1080, 943, and 819 cm-1 and 
match well with those of molecularly chemisorbed DMP.  
        On annealing to between 200-240K, new bands at 1007/1004, 1677/1678, 2823, 
and 2940/2929 cm-1 which cannot be ascribed to molecular DMP are observed 
(Figures 7.3b and 7.3c). The bands at ~1010, 2823 and ~2929 cm-1 are similarly 
assigned, respectively, to ν(CO), νs(CH3) and 2δa(CH3) of the surface bound methoxy 
species. However, unlike the adsorption and reaction of DMP on clean Ni(111) at 
240K, the ν(CO) band of methoxy on Ni(111)-p(2×2)-O is much more intense this 
time. This may be the result of the loss of more than one of the methoxy fragments 
from the parent molecule, resulting in the formation of another surface species. Indeed, 
this may be the case as the new band at 1677/1678 cm-1 is not observed in the clean 
Ni(111) spectra. Based on a comparison with previous studies carried out on other 
metal single crystal surfaces31-33 as well as our own study of acetone adsorption on 
Ni(111) (see Chapter 4), this band can be readily ascribed to η1(O)-acetone bound to 
the surface through the carbonyl O atom. The νas(CCC), δas(CH3) and δs(CH3) bands of 
η1(O)-acetone, which are observed at 1233, 1423, and 1361 upon dosing of pure 
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 acetone on Ni(111)-p(2×2)-O, are probably weak and hidden within the bands of the 
remaining hemiacetal species.  
        The remaining bands observed in the 200 and 240K RAIR spectra are ascribed to 
the hemiketal fragment formed from the partial decomposition of some of the DMP 
molecules. As explained in the case for the reaction of DMP on clean Ni(111), the 
observed frequencies for the bands assigned to the hemiketal fragment are not 
expected to shift significantly due to minimal changes in the overall structure of the 
molecule when one of the methoxy groups is lost.  
        The formation of the hemiketal fragment as well as η1(O)-acetone on Ni(111)-
p(2×2)-O leads us to the conclusion that the DMP molecules undergo a divergent 
reaction pathway on the preoxidized Ni(111) surface. The loss of one methoxy group 
results in the formation of the surface bound hemiketal fragment, while the loss of two 
methoxy groups together with the addition of surface O lead to the formation of the 
η1(O)-acetone. 
        It is noticed that the band at 1678 cm-1 quickly shrinks and disappears upon 
rescanning the spectra at 240K, even with increased dosing, suggesting that the η1(O)-
acetone formed on this surface readily desorbs at this temperature. Most of the surface 
O may have been scavenged and the η1(O)-acetone formed appears to be not as stable 
as when dosing pure acetone to Ni(111)-p(2×2)-O, where it is stable up to 260K (see 
Chapter 4). 
        The bands associated with the hemiketal and η1(O)-acetone are no longer 
observed when dosing at 300K (Figure 7.3d) and the spectrum is characterized by 
distinctive absorption features of surface bound methoxy at 2931, 2878, 2825 and 1000 
cm-1 and a small band at 1248 cm-1 which may be ascribed to surface bound 
methoxycarbyne (COCH3). Dosing at 350K results in the disappearance of the 
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 methoxy absorption features as well and the emergence of a broad band at 1809 cm-1 
which can be attributed to adsorbed CO. Meanwhile, three distinctive bands at 1452, 
1270 and 897 cm-1 are observed. These bands may be attributed respectively to 
δa(CH3), νas(COC) and νs(COC) vibrational modes of the methoxycarbyne species, a 
decomposition product of the hemiketal fragment. The characteristic νas(COC) and 
νs(COC) stretches at 1270 and 897 cm-1 of this methoxycarbyne species are in good 
agreement with the relevant skeletal modes of methyl acetate and methyl pyruvate 
which contain similar vicinal C-O-C structures (Table 7.3).34,35 
 
7.2.1.3 Adsorption of DMP on Ni(111)-0.1ML-O 
        Figure 7.4 shows the RAIR spectra of Ni(111)-0.1ML-O exposed to a saturation 
dose of DMP as a function of adsorption temperature. At 120 and 240K, the spectra 
obtained are similar to the corresponding ones on Ni(111)-p(2×2)-O, with molecular 
adsorption at 120K and the production of η1(O)-acetone, hemiketal and methoxy at 
240K. However, at 300K, a few hemiketal species still remain on the surface as 
demonstrated by the bands observed at 1457, 1373 and 1242 cm-1 (Figure 7.4c). Unlike 
on the clean surface, no CO is produced at this temperature as methoxy decomposition 
has not started yet. Dosing at 350K results in complete decomposition of the methoxy 
and production of large amount of CO which occupies both 3-fold and on-top surface 
sites (Figure 7.4d, bands at 1832 and 2018 cm-1). The amount of the methoxycarbyne 
species produced on this surface is smaller than on Ni(111)-p(2×2)-O but larger than 
on clean Ni(111).  
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 7.2.2 Adsorption of DME on Ni(111) 
7.2.2.1 Adsorption of DME on Clean Ni(111) 
        The RAIR spectra of DME dosed on clean Ni(111) at 120K as a function of 
exposure are presented in Figure 7.5, and the RAIR spectra of Ni(111) exposed to a 
saturation dose of DME as a function of adsorption temperature are presented in figure 
7.6.  
        At 120K, the formation of physisorbed multilayer DME is demonstrated by the 
vibrational bands observed at 2992, 2958, 2910, 2832, 1462, 1394, 1253, 1215, 1196, 
1145, 1093, 1050, 992, 871 and 812 cm-1 (Figure 7.5b). All these bands are in good 
agreement with the matrix isolated transmission infrared spectrum of DME36 (Table 
7.4, assignments are made based on DFT calculations). At a very low dose of 0.005L, 
vibrational bands at 3002, 2815, 1448, 1387, 1353, 1218, 1137, 1119, 1077 and 867 
cm-1 are observed. The frequencies of these bands still correlate well with those of the 
physisorbed DME multilayer but vary in their relative intensities, suggesting that a 
different bonding geometry for the molecule is present in the chemisorbed layer. The 
most intense band now is at 1218 cm-1, rather than at 1145 cm-1 for the multilayer. 
DFT calculations show that these two bands are essentially the νs(OCO) and νas(OCO) 
modes, respectively, of intact DME. In the chemisorbed layer, it is most probable that 
the DME molecule binds to the surface through both its O atoms (Scheme 7.1B) so its 
νas(OCO) is rendered parallel to the surface and becomes RAIR-inactive.  
        Little change is observed in the spectra when dosing at 200K other than the 
absence of the physisorbed multilayer (Figure 7.6b), suggesting that the adsorbed 
molecules remain intact and have not undergone any reaction at this temperature. 
Dosing at 240K results in the appearance of new bands at 2925, 2820, and 1008 cm-1 
which can be ascribed to adsorbed methoxy and a band at 1767 cm-1 which can be 
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 attributed to adsorbed CO (Figure 7.6c). The remaining bands may be assigned to a 
hemiacetal (Scheme 7.1F) species generated from the loss of one of the methoxy 
groups as they do not exhibit significant shifts from those of the intact DME molecule. 
The band at 1185 cm-1, which is not present in the monolayer RAIR spectra, may be 
attributed to one of the skeletal modes of the hemiacetal. It does appear in the RAIR 
spectra of multilayer DME; but in the monolayer, this mode might be oriented parallel 
to the surface and have been screened. 
        Dosing at 300K yields an additional new band at 1251 cm-1 (Figure 7.6d), while 
most of the other features arising from adsorbed methoxy, hemiacetal and CO are still 
present. On annealing to 350-380K, only four well resolved bands at 1822, 1448, 1266, 
and 906 cm-1 remain and the bands that correspond to adsorbed methoxy and 
hemiacetal are no longer observable (Figures 7.6e and 7.6f). The band at 1822 cm-1 is 
assigned to chemisorbed CO. The absence of the methoxy bands, coupled with the 
sharp increase in intensity of the absorption band assigned to CO is a clear indication 
that methoxy has decomposed to yield CO. The remaining three bands, which are 
essentially the same as those observed in DMP decomposition on Ni(111)-p(2×2)-O 
when dosing at 350K, are also attributed to the adsorbed methoxycarbyne species.  
 
7.2.2.2 Adsorption of DME on Ni(111)-p(2×2)-O 
        The RAIR spectra of Ni(111)-p(2×2)-O exposed to a saturation dose of DME as a 
function of adsorption temperature are shown in Figure 7.7. At 120K, vibrational 
bands at 3007, 1451, 1391, 1222, 1140, 1073 and 867 cm-1 are observed. This 
spectrum is nearly identical with the corresponding spectrum on clean Ni(111), with 
the most intense mode also observed at ~1220 cm-1, and attributed to chemisorbed 
molecular DME. 
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         On dosing at 200 and 240 K, new bands at 2923/2928, 2822, 1672/1670, and 
1015/1009 cm-1 are observed. The bands at ~2928, 2822 and ~1010 and cm-1 can be 
readily ascribed to chemisorbed methoxy. Drawing parallels from the reaction of DMP 
on the same surface, and with reference to previous studies of acetaldehyde adsorption 
on various metal surfaces,37-39 the band at ~1670 cm-1 may be assigned to ν(C=O) of 
η1(O)- bonded acetaldehyde. The remaining bands observed at 240K have frequencies 
similar to those observed for molecular DME and are assigned to the hemiacetal 
fragment. The δa(CH3), δas(CH3), and ν(CC) bands of the η1(O)-acetaldehyde species, 
which are observed at 1417, 1354, and 1134 cm-1 upon dosing of pure acetaldehyde on 
Ni(111)-p(2×2)-O (see Chapter 3) are obscured by bands of the remaining hemiacetal 
species.  
        The bands associated with η1(O)-acetaldehyde and the hemiacetal are no longer 
observed at 300K (Figure 7.7d) and the spectrum is characterized by strong absorption 
features of surface bound methoxy at 998, 2826 and 2931 cm-1 and two small residual 
bands at 1431 and 1394 cm-1. Dosing at 350K results in the disappearance of the 
methoxy bands as well and the development of the residual bands into distinctive 
bands at 1454, 1428, 1278 and 897cm-1 (Figure 7.7e). The band at 1428 cm-1 can be 
attributed to surface bound acetate species which is produced from further oxidation of 
the η1(O)-acetaldehyde intermediate. The remaining three bands, which are identical to 
those obtained on clean Ni(111) at the same temperature, are ascribed to adsorbed 
methoxycarbyne. Annealing to 380K results in the diminishing of the methoxycarbyne 
bands but the acetate band at 1428 cm-1 remains unchanged. Most of the 
methoxycarbyne species has either desorbed or decomposed at this temperature. 
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 7.2.2.3 Adsorption of DME on Ni(111)-0.1ML-O 
        Figure 7.8 shows the RAIR spectra of Ni(111)-0.1ML-O exposed to a saturation 
dose of DME as a function of adsorption temperature. At 120K, weak absorption 
bands at 2937, 1672 and 1024 cm-1 which cannot be ascribed to molecular DME are 
observed (Figure 7.8a). On annealing to 200 and 240K, these bands continue to pick 
up intensity and result in similar spectra as obtained on Ni(111)-p(2×2)-O. The ~1670 
cm-1 band is ascribed to η1(O)-acetaldehyde and the bands at 1012, 2925, and 2819 
cm-1 are ascribed to adsorbed methoxy. It appears that cleavage of the methoxy group 
starts on this surface at temperatures as low as 120K. This result also suggests that the 
surface O on Ni(111)-0.1ML-O is more reactive than on Ni(111)-p(2×2)-O. 
       Dosing at 300K results in the disappearance of the η1(O)-acetaldehyde bands and 
the attenuation of the absorption bands associated with the hemiacetal (Figure 7.8d). 
Methoxy species are still present as demonstrated by absorption bands at 2929, 2823, 
and 1002 cm-1. Meanwhile, new absorption features which can be attributed to 
adsorbed CO, acetate and methoxycarbyne are observed at 1793, 1430, 1453, 1262 and 
901 cm-1. Annealing the surface to 350K results in the decomposition of methoxy 
species but acetate and methoxycarbyne species are stable on this surface up to 380K 
(Figures 7.8e and 7.8f).  
 
7.3 Discussion 
7.3.1 Bonding Configurations of Chemisorbed DMP and DME on Ni(111) 
        As reflected in the results obtained, DMP binds to both clean and preoxidized 
Ni(111) surfaces molecularly at 120 K. According to the literature,19 there are nine 
allowed rotational conformers for DMP due to internal rotation about each of the two 
C-OMe bonds.  For DMP to bind to the Ni(111) surface, the most probable binding 
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 mode is through the lone pairs of electrons on each of the O atoms of the molecule. 
Hence, assuming that the primary interaction affecting the stability of any particular 
configuration is the steric effect, it is most likely that DMP binds to the Ni(111) 
surface in a TT configuration (Scheme 7.1G) through the O atoms. Indeed, for the free 
molecule, only the calculations for this TT configuration are consistent with the vapor, 
liquid and solid phase transmission infrared spectra obtained.19  
       For DME, the preferred conformation of the free molecule is a G-G+ configuration 
(Scheme 7.1H) as calculated and experimentally substantiated.36 However, based on 
the dramatic decrease of the relative νs(OCO)/νas(OCO) band intensities of the 
chemisorbed layer with respect to  that of the multilayer, and drawing analogies from 
the above discussion for DMP, it may be concluded that 1,1-dimethoxyethane also 
binds to the Ni(111) surface in the TT configuration through both the O atoms on the 
molecule. 
 
7.3.2 Adsorbed Methoxy Species on Ni(111) 
        The surface methoxy species is fairly stable on metal surfaces and can be easily 
generated through adsorbing methanol on various metal single crystals including  
Cu,40-43 Ni,21,30,44 Pt,45 Ru,46 Fe,47 Mo,24,48 Ag/O49 and Au/O.50 It generally requires no 
more than adsorbing methanol with a little thermal agitation to induce metal-activated 
O-H bond scission. In many cases, the process can be promoted with the aid of 
coadsorbed atomic O. The reactivity of the surface methoxy species depends to a great 
extent on the nature of the metal to which it is bound, as well as the presence of 
coadsorbates. On Group VIII metals surfaces, it generally breaks down to CO and H2 
at elevated temperatures.  
      The vibrational spectra of surface methoxy species have been well characterized 
previously. The most intense band observed has always been the CO stretching ν(CO) 
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 which is generally observed in the 1000-1050 cm-1 region. It generally red-shifts from 
its gas-phase position of 1034 cm-1 at low coverage but may blue-shift from this value 
at higher coverages due to dipole coupling effects. The methyl deformation modes are 
weak and are generally not observed in RAIR or HREELS spectra. In the C-H 
stretching region, three distinct bands at ~2920, ~2870 and ~2820 cm-1 can be 
observed and latest studies including ab initio caculations and isotopic labeling 
experiments have assigned them to 2δa(CH3), 2δs(CH3) and νs(CH3) of the adsorbed 
methoxy species.22,24,51,52 
        A typical methoxy RAIR spectrum obtained in our study is characterized by 
absorption bands at 2931, 2878, 2825 and 1000 cm-1 and is in excellent agreement with 
the low coverage methoxy RAIR spectrum on Ni(111) and other metal surfaces 
reported previously.21,22,24,30,40-42,44-46,48,50 The thermal stability of this species on 
Ni(111) also appears to be the same as reported before, i.e. dehydrogenation at above 
300K to produce CO.30 
        The geometrical structure of the adsorbed methoxy species has been proposed as 
binding upright with effective 3-fold symmetry and with its C-O bond axis oriented 
normal to the surface based on photoelectron diffraction studies and ab initio cluster 
calculations on Ni(111), Cu(111) as well as on Cu(100) surfaces.51-55 Strict symmetry 
analysis of the methoxy RAIR spectra on metal surfaces are consistent with this 
conclusion.22 
 
7.3.3 Identification of Adsorbed Methoxycarbyne on Ni(111) 
        One of the intriguing findings of this work is the generation and isolation of an 
adsorbed methoxycarbyne species characterized by distinctive well-resolved bands at 
~1448, ~1266 and ~906 cm-1, which do not match with any of the known reaction 
intermediates of acetaldehyde or acetone. For the methoxy species, decomposition on 
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 relatively inert Cu and Ag metal surfaces does induce partial dehydrogenation to 
produce formaldehyde,49,56 which, when adsorbed in an η2(C,O)- state, is expected to 
show a ν(CO) absorption band in the 1200~1300 region.57 However, in our study of 
methanol adsorption on Ni(111) as well as previous studies of its adsorption on other 
Group VIII metal surfaces,47,57-61 CO is the only decomposition product observed on 
the surface.  
        The methoxycarbyne species is produced from the reaction of both DMP and 
DME on clean and O-precovered Ni(111) surfaces. All the spectra at 350 K yield three 
common bands at around 1448, 1266 and 906 cm-1. Our preliminary studies of the 
adsorption and reactions of 2,2-dimethyl-1,3-dioxolane and 2-methyl-1,3-dioxolane on 
Ni(111), however, have revealed the production of dialkoxide (-OCH2CH2O-) on the 
surface but not the methoxycarbyne species, suggesting that methoxycarbyne can only 
be generated from methoxy hemiketal or methoxy hemiacetal intermediates. 
Examination of the structure and chemistry of these hemiketal and hemiacetal 
complexes reveals that their possible common decomposition products include 
methoxycarbyne, ethylidyne and η2(C,O)-acetyl. However, ν(C-O) of η2(C,O)-acetyl 
is expected to lie in the region of 1300 – 1400 cm-1 and ν(C-C) of µ3-ethylidyne lies in 
the region of 1121 cm-1.62,63 In contrast, the two bands observed at 1266 and 906 cm-1 
compare well with the νa(COC) and νs(COC) of ethers which contain the COC skeletal 
group.34,35 Taking these facts into consideration, we believe the species in question 
most probably is adsorbed methoxycarbyne that results from the scission of C-CH3 and 
C-H bonds around the central C atom of the hemiketal/hemiacetal fragment.  
        Although the methoxycarbyne species has not been previously reported on single 
crystal surfaces under UHV conditions, a few organometallic compounds containing 
this ligand have been synthesized and characterized by X-ray diffraction, nuclear 
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 magnetic resonance (NMR) and vibrational spectroscopy. They include cluster 
compounds of Fe,64-67 Os,68 Ir,69 Ru,69,70 W,71 Au-Ru,72 Au-Os,73 Fe-Mn,65,74,75 and Fe-
Ir.66 It is observed in all these compounds that the methoxycarbyne species are bridged 
in either a µ3 or µ2 configuration. NMR features of 1H in these compounds at low 
temperatures have suggested that there is partial π-character in the C-O bond which is 
responsible for the hindered rotation of the methoxy substituent. The C-O bond length 
is found to be ~1.37 Å,69 also intermediate between that of C-O single bonds         
(1.44 Å)19 and C=O double bonds (1.22 Å).1 Drawing analogies, it may be inferred that 
the methoxycarbyne species probably also binds to two or three-fold sites on Ni(111).  
        It is observed that the methoxycarbyne species is less stable on O-precovered than 
clean Ni(111). Nearly complete desorption or decomposition of this species occurs at 
below 380K on Ni(111)-p(2×2)-O, but on clean and 0.1ML-O precovered Ni(111), it 
remains stable at these temperatures. This is quite the contrary to O-bonded carbonyl 
compounds, alkoxides or carboxylates, which are more stable on O-precovered metal 
surfaces.76 Backdonation from the metal dπ orbital to the π*co-antibonding orbital 
might be playing a significant role here, as it does to CO adsorption on metal 
surfaces.77 The coadsorbed O atoms lowers the metal dπ level and decreases the back 
donation to π*co-antibonding orbital, and consequently, the overall bond strength 
between methoxycarbyne and Ni is reduced and so is the stability of this species on the 
surface. Alternatively, the lower stability of this species on Ni(111)-p(2×2)-O might be 
a result of its direct reaction with surface O atoms.  
        Finally, since this is the first report of the methoxycarbyne species on metal 
surfaces and no previous vibrational spectra are available, it may be useful to 
investigate the reactions of the deuterated counterparts, i.e. 2,2-dimethoxypropane-d12 
and 1,1-dimethoxyethane-d10 on these surfaces to assist in the band assignments.  
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 7.3.4 Decomposition Mechanisms of DMP and DME on Ni(111) 
        From the results obtained, the surface reaction mechanisms of DMP and DME on 
clean and preoxidized Ni(111) may be proposed and their temperature dependent 
reaction pathways on clean Ni(111) and Ni(111)-p(2×2)-O are illustrated in Figures 
7.9 to 7.12.  
        At low temperatures around 120 K, DMP and DME adsorb molecularly through 
the O atoms on both the clean and preoxidized Ni(111) surfaces followed by the 
eventual formation of multilayers. The multilayers begin to desorb at around 160 K, 
leaving only the chemisorbed monolayers. 
        At 240 K, the first step of the reaction occurs with the loss of one of the methoxy 
groups, which binds to the surface through the O atom in an upright manner. This 
reaction is somewhat similar to the first step in the acid catalyzed hydrolysis of acetals 
in solution. In the acid catalyzed hydrolysis, the alkoxy O atom undergoes electrophilic 
attack by the proton and results in the elimination of an alcohol; whereas on Ni(111), 
the alkoxy O is attacked by Ni atoms and results in the production of surface methoxy. 
        In our present study, it is proposed that the loss of one of the alkoxy groups 
results in the formation of a hemiketal/hemiacetal fragment on both the clean and 
preoxidized Ni(111) surfaces. Indeed, this is consistent with the chemistry of acid-
catalyzed deprotection of ketals and acetals in that the loss of the first alkoxy group 
results in the formation of a positively charged hemiketal or hemiacetal fragment.1   
        In the hydrolysis of acetals by aqueous acids, this positively charged hemiacetal 
fragment then undergoes nucleophilic attack by the O atom in water. This leads to the 
loss of the remaining alkoxy group and the eventual formation of the corresponding 
carbonyl compound from which the acetal was derived. The formation of the 
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 corresponding carbonyl compounds of DMP and DME, i.e. acetone and acetaldehyde 
respectively, however, is not observed on clean Ni(111). 
        Nevertheless, acetone and acetaldehyde are detected on the preoxidized Ni(111) 
surfaces. Surface atomic O is effectively playing the same role, i.e. the nucleophile, as 
H2O in the hydrolysis reactions. Indeed, it has been demonstrated before in many cases 
that surface atomic O, when not strongly bonded, may act as a nucleophile and attack 
positively charged C atoms.78,79 
        At temperatures above 300 K, the chemisorbed methoxy decomposes to CO and 
the hemiketal/hemiacetal fragment decomposes to methoxycarbyne. On Ni(111)-     
p(2×2)-O, the acetone formed desorbs soon after its formation at 240 K while the 
acetaldehyde undergoes further reaction with the adsorbed O atoms to yield a bridge-
bonded acetate species.  
 
7.4 Conclusions 
        Adsorption of DMP and DME on both clean and O-precovered Ni(111) at 120K 
is mainly associative. On O-precovered Ni(111), DMP decomposes between 200-240K 
to yield methoxy, η1(O)-acetone and a hemiketal fragment. At higher temperatures, 
η1(O)-acetone desorbs, surface methoxy decomposes to CO while the hemiketal 
fragment decomposes to a methoxycarbyne species. DME decomposes between 200-
240K to yield methoxy, η1(O)-acetaldehyde and a hemiacetal fragment. Above 240K, 
η1(O)-acetaldehyde is oxidized to acetate while the surface bound methoxy and 
hemiacetal fragments decompose to CO and methoxycarbyne respectively. Similar 
reaction products are observed on clean Ni(111), except that η1(O)-acetone and η1(O)-
acetaldehyde are not formed. 
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(a) DMP-Ni(111)/0.0025L  
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(a) DME-Ni(111)/0.005L  
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(a) DME-Ni(111)/120K/0.005L  
(b) DME-Ni(111)/200K/0.20L  
(c) DME-Ni(111)/240K/0.20L  
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(a) DME-Ni(111)-p(2×2)-O/120K/0.005L  
(b) DME-Ni(111)-p(2×2)-O/200K/0.20L  
(c) DME-Ni(111)-p(2×2)-O/240K/0.20L  

























(e) DME-Ni(111)-p(2×2)-O/350K/0.20L  
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Oigure 7.9 Reaction scheme of DMP on clean Ni(111). 
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ure 7.11 Reaction scheme of DME on clean Ni(111). 
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F . igure 7.12 Reaction scheme of DME on Ni(111)-p(2×2)-O174 
 Table 7.1 Vibrational Frequencies and Mode Assignments for DMP 
 
 
Solid-phase Multilayer DFT calculations Monolayer
 
Assignment 




















2960 3007-3035 3001 3002  






2829 2858-2941  2846  
       
δa(CH3) 1468 1434 
1468 
1429 1390-1441 1475 1460  
       















































       
ν(O-CH3) 1052 1044 1056 1038 954 943 957 
       




856    
       
 
a from reference 19, b this work. 
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 Table 7.2 Vibrational Frequencies and Mode Assignments for Adsorbed Methoxy 
 
 
Methoxy Species on Metal Surfaces 
Ni(111) Ni(111) Ni(110) Ag(111) Cu(111) Mo(110) Assignment 
(cm-1)a (cm-1)b (cm-1)c (cm-1)d (cm-1)e (cm-1)f
       
2δa(CH3) 2931 2921 2920 2908 2907 2918 2916 
       
2δs(CH3) 2878 2878 2877 2874 2882 2868 
       
νs(CH3) 2825 2817 2822 2801 2792 2818 2811 
       
ν(CO) 1000 1027 1026 1048 1036 1024 
       
 
a this work, b from reference 20, c from reference 21, d from reference 22, e from 





















     
δa(CH3) 1452 1448 1462  
     
νa(COC) 1270 1299 1249 1291 
     
νs(COC) 897 931 847  
     
 
a this work, b from reference 34, c from reference 64.
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2914-3030 3002 2998 2937 3007 
       
νs(CH3), 
2δs(CH3) 2836 2832 2775-2860 2815   
       
δa(CH3)  1462 1395-1433 1448 1452 1451 





1394 1309-1328 1387 1353 1390 1391 
       
νs(OCO) 1214 1215 1189 1218 1220 1222 





























       
νas(OCO)  1144 1145 1143 1137 1120 1140 
       
ν(O-CH3) 1056 1050 1033 1050 1024  
       
       
       
ρ(CH3) 996 992 1016    
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